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ABSTRACT 
 
Spider silks are protein-based fibers with remarkable mechanical qualities.  
Perhaps even more impressive is the spinning process in which the spider silk proteins 
(spidroins) are assembled from a highly soluble storage state into a well-ordered and 
insoluble fiber.  Indeed, the ordered arrangement of spidroins, which is endowed by the 
spinning process, is the basis of fiber strength.  However, the forces driving fiber 
assembly and the mechanisms by which spidroins respond those forces are only poorly 
understood.  Spidroins have a tripartite domain architecture consisting of a large and 
repetitive central domain flanked by small, non-repetitive N- and C-terminal domains.  
Both terminal domains are well conserved among different types of spidroins, and they 
are believed to act as coordinators of spidroin assembly. 
This dissertation represents an important advancement of knowledge on the 
sequence, structure, and biochemical behavior of the highly conserved but greatly under 
studied N-terminal domain of major ampullate silks (MaSp-NTD).  In my analysis of 
MaSp-NTD sequence, I demonstrated for the first time that one of the two types of MaSp 
genes (MaSp1) had been duplicated in the golden orb-weaving spider (Nephila clavipes) 
generating MaSp1A and MaSp1B genes.  My publication of this work was 
contemporaneous with publications by research groups finding similar MaSp gene 
duplications in other spider species.  Characterization of the RNA transcripts from 
MaSp1A and MaSp1B genes indicated that they are simultaneously co-expressed in adult 
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female spiders.  It also allowed experimental verification the transcription start sites in 
the MaSp genes. 
My biochemical analysis of three recombinant MaSp-NTDs indicate that they are 
highly pH responsive.  Upon experiencing a mild acidification, as occurs in the spider 
silk gland, they undergo a dramatic change in tertiary conformation.  Concurrent with the 
pH-dependent refolding, the interaction between MaSp-NTD molecules is strengthened 
resulting in considerably more stable MaSp-NTD homo-dimers.  Through a collaboration 
with another research group, we are working to determine the structure of MaSp-NTD in 
both conformational states by NMR.  By transducing the duct pH change into specific 
protein-protein interactions, this conserved spidroin domain likely contributes 
significantly to the silk spinning process. Based on these results, we propose a model of 
spider silk assembly dynamics as mediated through the MaSp-NTD. 
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CHAPTER 1 - LITERATURE REVIEW 
 
Types and Functions of Silk 
Spider silks: 
Silks are proteins with repetitive amino acid sequences that are stored in a 
solution state until spun into a solid fiber (Craig, 1997).  Spiders can produce up to seven 
different types of silk, each originating from distinct abdominal glands (Figure 1.1) and 
composed of different spidroin proteins (a contraction of ‘spider fibroin’) (Candelas et 
al., 1981).  However, not every spider has such a large repertoire of silk production.  
Some spiders (such as tarantulas) can only produce a few types which do not include 
major ampullate or flagelliform silks (which are thought to have evolved 240 and 125 
million years ago, respectively) (Lewis, 2006; Challis et al., 2006).  Silks were most 
likely originally evolved by primitive spiders for the purpose of lining underground 
dwellings to stabilize the burrow wall and facilitate climbing up and down (Craig, 1997).  
Another evolutionarily ancient utility for silk was in forming a protective wrapping 
around the spider’s eggs, as this is a fairly ubiquitous behavior among spiders. 
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Figure 1.1  The different types of silk glands in orb-weaving spiders.  The 
glands are present as pairs in a spiders abdomen but only one of each pair 
is depicted for simplicity.  The type and function of the silks they produce 
are also indicated.  From Vollrath (2000). 
 
Since the initial evolution of silk proteins and spinning anatomy by spiders nearly 
400 million years ago (Rising et al., 2005b), the types of silks they can produce has 
diversified and spiders have found ever more creative ways of using those silks.  The 
most commonly known silk structure is the orb-web.  However, the orb-web is actually a 
highly specialized use of silk which is only made among a minority of spider species 
(mainly from the families Araneidae, Tetragnathidae, and Uloboridae) (Blackledge et al., 
2009).  To make an orb-web, five types of silk are required in addition to the complicated 
and multi-step instinctual behavior for web construction. 
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The first step of orb-web construction uses the dragline silk produced in the major 
ampullate gland to form the outer frame of the web and the threads radiating from the 
center of the web.  Dragline silk is used as the bulk structural component because it has a 
very high tensile strength and is also somewhat elastic (Table 1.1).  This combination of 
strength and elasticity gives dragline silk a very high toughness (energy to break) and its 
low density makes it considerably stronger than steel per unit mass.  This strength is 
partially due to the energetic stability of β-sheets, which is the predominant secondary 
structure of dragline and of the four other types of fiber forming spider silks (Lewis, 
2006).  Because of the key role dragline silk plays in web construction, orb-weaving 
spiders have stronger dragline silks than most other spiders (Swanson et al., 2006).   
Dragline silk is also used as a hanging life-line.  This can be used to descend slowly from 
a high position, to quickly escape from a predator, or as a safety line while climbing or 
jumping in the event of an accidental fall.  Dragline silks are anchored to surfaces by 
silks from the pyriform gland.  Little is known about these silks except that they are 
constructed from a fibrous component and glue-like component and they are primarily 
composed of polar amino acids (Hu et al., 2006b; Blasingame et al., 2009). 
 
Table 1.1  The physical characteristics of silks and other materials.  
Modified from Gosline et al. (1999) 
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The next step of orb web construction is laying down spirals of minor ampullate 
silk.  This silk is relatively stiff and reinforces the integrity of the structure.  Unlike 
capture spirals, theses spirals are non-sticky.  By carefully walking along the dragline and 
minor ampullate threads, the spider avoids being ensnared in its own web.  The capture 
spirals are made of flagelliform silk which is highly elastic and can be stretched to more 
than three times its original length before breaking.  This is helpful for absorbing the 
energy from struggling insects caught in the web.  As the spider spins flagelliform silk, it 
coats the silk with a sticky glue (Hu et al., 2007).  The glue is a silk composed of 
glycoproteins and produced in the aggregate gland.  However, since the glue does not 
form fibers, the term ‘silk’ may be a misnomer in this case. 
When a prey insect is caught in the web, aciniform silk is used to wrap the prey 
for immobilization and optional storage.  Silks from the minor ampullate gland are also 
sometimes involved in prey wrapping (La Mattina et al., 2008).  Aciniform silk is notable 
as having the highest toughness of all spider silks (Blackledge et al., 2006).  As 
mentioned earlier, many spiders protect their bundle of eggs with a silk egg case.  The 
inner layer of this egg case is soft and composed of aciniform silk.  The outer layer is 
hard and made of tubuliform silk (a.k.a. cylindriform silk). 
Silk is used by spiders in other elaborate ways.  Some spiders build cobwebs or 
funnel webs rather than orb-webs.  Black widow spiders (genus Latrodectus) make low to 
the ground cobwebs consisting of sticky-ended capture lines dangling from horizontal 
dragline supports (Hu et al., 2006b; Boutry et al., 2008).  Some male spiders deposit their 
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sperm into a silk pack before transferring it to the female.  Net-casting spiders make a 
small net which they hold with their front legs and sling over prey.  Similarly, bolas 
spiders hunt with a single thread tipped with a droplet of glue which they swing at prey.  
Lastly, and perhaps the most creative use of silk, the spiderlings of many species climb to 
an elevated position, make a parachute of silk, and are swept away on a breeze.  This 
method of offspring dispersal, called ballooning, combined with the large numbers of 




The larvae of many moth and butterfly species (order: Lepidoptera) can produce 
silk to fashion a cocoon which serves as a protective layer during metamorphosis into 
adulthood.  Like spiders, the silk is composed of a repetitive protein, stored in a liquid 
state, and spun into solid fibers rich in β-sheets by a specialized gland (Bini et al., 2004).  
The spinning process is also analogous to spider silk spinning (Zhou et al., 2005).  
Despite these striking similarities, the ability to produce silk has evolved independently 
in these two lineages (Sutherland et al., 2010).  More than 400 million years separate 
spiders and Lepidopterans, and most other arthropods do not produce silk (Vollrath, 
2010; Sutherland et al., 2010).  Unlike spiders, they can produce only one type of silk and 
are only able to do so during their larval stage.  The silk glands are actually modified 
salivary glands in the anterior end of the larvae, not abdominal glands like those found in 
spiders.  While both spiders and Lepidopterans do use silk to protect immature 
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individuals, a female spider will wrap her eggs with silk whereas a Lepidopteran larva 
will surround itself with a silk cocoon by spinning in figure-eight patterns. 
The physical properties of Lepidopteran silks are also remarkably similar to 
spider silks (Table 1.1).  While not quite as strong as spider silks they are still 
impressively durable.  The fiber diameter (10 to 20 µm) is also somewhat larger than 
spider fibers (2 to 10 µm) (Zhou et al., 2009; Hardy et al., 2008).  Given the desirable 
qualities of Lepidopteran silks and its relative ease of cultivation, vast quantities of this 
material are produced and woven into textiles by human society.  The primary source of 
this silk is the silk moth, Bombyx mori.  This species has been domesticated to such an 
extent that it no longer occurs naturally in the wild (Martinez et al., 2004). 
 
Other insect silks: 
While Lepidopteran silks are the most studied and utilized by humans, the ability 
to produce silks among insects is by no means limited to moths and butterflies.  In fact, 
numerous species distributed among 17 orders of insects are able to produce silk 
(Sutherland et al., 2010).  Among these are ants, wasps, bees, silverfish, mayflies, 
dragonflies, crickets, thrips, lacewings, and fleas.  Some species produce silk in the larval 
stage while others make it as an adult.  The most common uses include cocoons, burrow 
lining, egg wrapping, and protective shelters.  Though in rare cases, such as glow worms, 
the silks are used for prey capture purposes.  In the case of honeybees, a coiled-coil silk 
protein is used to reinforce the integrity of honey combs (Shi et al., 2008).  
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Astonishingly, silk production is thought to have evolved independently as many as 23 
times among insects (Sutherland et al., 2010). 
 
Molecular Constituents of Major Ampullate Silk 
Core proteins: 
Spider silks have been known to be composed primarily of protein since 1907 
(Fischer, 1907).  Protein accounts for more than 90% of a dragline fiber’s dry mass 
(Lewis, 2006).  Most of this protein is a mixture of two spidroin types, major ampullate 
spidroins 1 and 2 (MaSp1 and MaSp2).  In the spider Nephila clavipes (common name: 
golden orb-weaver) it’s estimated that the mix is 81% MaSp1 and 19% MaSp2 (Brooks et 
al., 2005).  However, in another orb-weaver, Argiope aurantia, MaSp2 predominates the 
mix with 41% MaSp1 and 59% MaSp2 (Brooks et al., 2005).  In the cob-weaver 
Latrodectus hesperus, the ratio is estimated at 71% MaSp1 and 29% MaSp2 (Ayoub et 
al., 2008a).  In Araneus diadematus, two MaSp proteins are present (ADF3 and ADF4), 
but both are MaSp2-like.  In fact, Nephila pilipes (and probably many other spiders) can 
alter their MaSp1:MaSp2 ratio in response to different insect prey (Tso, 2004).  MaSp2 
has substantial proline content, and silks with high proline content tend to be more elastic 
due to higher β-turn frequency (Liu et al., 2008a; Liu et al., 2008b).  Therefore, silks with 
varied MaSp1:MaSp2 ratios are expected to have different mechanical qualities. 
MaSp1 and MaSp2 are large proteins of about 250 to 350 kDa that share a general 
domain architecture (Figure 1.2) (Sponner et al., 2005a; Ayoub et al., 2007).  Both 
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proteins contain a large, central, repetitive domain that consists of approximately 100 
tandem copies of a 30 to 40 amino acid repeat sequence.  The repeat fidelity is quite high, 
but some amino acid substitutions and motif arrangement alterations are certainly present.  
The consensus repeat sequences for both MaSp1 and MaSp2 are glycine-rich and end in 
poly-alanine motifs (usually four to seven alanines).  For MaSp1, the consensus repeat 
includes (GGX)n motifs (most commonly X = A, L, Q, or Y) and very low proline 
content.  In contrast, the MaSp2 consensus repeat has significant proline content and 
characteristic motifs such as GPG and QQ (Gatesy et al., 2001). 
 
 
Figure 1.2  The primary sequence of major ampullate silks.  (A) the 
overall domain architecture and (B,C) domain sequences of MaSp1 and 
MaSp2, respectively.  The highlighted areas of N-terminal domain 
sequence are predicted signal peptides. 
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The repeat arrays of both MaSp1 and MaSp2 (and other spidroins) are flanked by 
non-repetitive N-terminal and C-terminal domains (MaSp-NTD and -CTD) of 
approximately 150 and 100 amino acids, respectively (Figure 1.2).  The N- and C-
terminal domains bear little resemblance to each other except that they are both rich in 
serine (~13% for N-terminal and 23% for C-terminal) and both are predicted to exist as 
largely amphipathic α-helical secondary structures (Sponner et al., 2005a; Rising et al., 
2006; Gaines et al., 2008a).  In both cases, this is consistent with terminal globular 
domains resulting from the interaction of the amphipathic helices. 
The sequences of MaSp-CTDs have been known for almost two decades (Xu et 
al., 1990; Hinman et al., 1992).  Functional studies using partial major ampullate 
spidroins have implicated MaSp-CTD in the organized transition from a soluble spidroin 
solution to an insoluble fiber during spinning (discussed in greater detail later) (Ittah et 
al., 2006; Stark et al., 2007).  There is also a conserved cysteine residue in MaSp-CTD 
that has been suggested to be important in assembly of the final fiber by intermolecular 
cross-linking through disulfide bond formation (Sponner et al., 2005a; Hagn et al., 2010).  
Size exclusion chromatography indicates that it is natively a homo-dimer, even in the 
presence of reducing agents (Hedhammar et al., 2008).  A structure for MaSp-CTD 
solved by NMR has recently been published.  It confirms the presence of α-helices, a 
disulfide bond, and homo-dimeric association (Hagn et al., 2010). 
In contrast, MaSp-NTD sequences were not known until more recently due, at 
least in part, to difficulties in cloning and sequencing the 5’ ends of large and highly-
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repetitive spidroin genes and cDNAs (Motriuk-Smith et al., 2005; Gaines et al., 2008a).  
Analysis of these sequences demonstrates that they are the most highly conserved 
domains of spidroins.  A signal peptide that would be consistent with secretion of 
spidroins into the duct lumen is present on all known N-terminal domains (Rising et al., 
2006; Gaines et al., 2008a).  The signal peptide is predicted to be proteolytically removed 
in the secretion pathway and therefore does not contribute to the mature spidroin 
properties.  Size exclusion chromatography indicates that, much like MaSp-CTD, the 
MaSp-NTD is natively a homo-dimer (Hedhammar et al., 2008).  The crystal structure 
has been solved for MaSp-NTD by X-ray diffraction (Askarieh et al., 2010).  This 
structure confirms the presence of α-helices and homo-dimeric association. 
The molecular architectures of other spidroin proteins that constitute the different 
types of spider silks share many common elements with MaSp1 and MaSp2 (Table 1.2).  
Firstly, all are repetitive in sequence (as is true for many fibrous proteins) and have a 
high frequency of amino acids with short side-chains (G, A, and S).  The use of these 
small amino acids is probably to minimize the metabolic cost of silk but also has an 
impact on the steric packing of the spidroin fibers.  Second, they are generally large 
proteins (>200 kDa) which is important for fiber strength since the covalent peptide 
bonds within a molecule are much stronger than hydrogen bonds between molecules 
(Rising et al., 2010).  Third, all fiber forming spidroins have a C-terminal domain 
(homologous to MaSp-CTDs) and all for which 5’ gene sequence is available have an N-
terminal domain (homologous to MaSp-NTDs) (Beckwitt et al., 1994; Hayashi et al., 
2004; Rising et al., 2006; Gaines et al., 2008a).  This suggests that despite the relatively 
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small size of these domains, they play an important role for the function of the silk.  One 
feature that all fiber forming spidroins have in common is the transition from a soluble 
storage state to an insoluble and organized fiber state.  Therefore, it’s a reasonable 
hypothesis that the N- and C-terminal domains participate in this process.  In contrast, the 
repeat domains of different spidroins display a relatively high level of amino acid 
sequence variation that has been implicated in providing the characteristically distinct 
mechanical qualities of the different fiber types (Hayashi et al., 1998; Hayashi et al., 
1999; Rising et al., 2005a). 
 
Table 1.2  The molecular constituents of spider silks.  Modified from Hu et al. (2006) 
 
 
MaSp proteins are also known to be phosphorylated, but the extent and exact 
positions of phosphorylation are unclear.  Phosphotyrosine and possibly phosphoserine 
were detected by solid state NMR on native silk fibers (Michal et al., 1996).  Based on 
this data, at least 3 and as many as 12 phosphotyrosines may be present on each MaSp 
molecule.  Since phosphoryl groups have a pKa near neutral pH, the phosphotyrosines 
may play an important role in the pH responsiveness of silk proteins.  Despite the 
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presence of negatively charged phosphoryl groups, the pI of MaSp1 has been shown to be 
greater than 8.5 by isoelectric focusing (Sponner et al., 2005a).  This high pI value is 
mainly due to the presence of Arg in the repeat consensus unit.  Glycosylation of MaSp 
proteins has also been detected through binding of Concavalin A (a lectin protein) 
(Weiskopf et al., 1996; Sponner et al., 2007).  Other types of post-translational 
modifications to spidroin proteins have not been reported. 
 
Shell components: 
Major ampullate fibers are coated with a several layers of non-MaSp molecules 
which are collectively identified as the shell (Figure 1.3) (Sponner et al., 2007; Augsten 
et al., 2000; Frische et al., 1998; Li et al., 1994).  These layers are probably added 
relatively late in the fiber production pathway of the gland (Vollrath et al., 2001a).  Given 
the relatively thin nature of the shell, it’s unlikely that it contributes significantly to the 
mechanical strength of the fiber.  The outermost layer of the shell is composed of lipids.  
Lipid analysis of major ampullate fibers indicates a large variety of lipids are present, 
predominantly unbranched methoxyalkanes with chain lengths of 28 to 34 carbons and up 
to four methyl groups along the alkyl chain (Schulz, 2001).  The functions of this layer 
may be to repel water, provide a smooth surface, or to serve as a carrier for pheromones 
involved in sex and species recognition.  Next is a glycoprotein coat composed of high 
molecular weight proteins (Sponner et al., 2007; Augsten et al., 2000).  It is speculated 
that this layer may be responsible for the anti-microbial activity that has been observed in 
spider silk (Romer et al., 2008).  If so, this would protect the silk core from microbial 
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degradation.  The glycoprotein layer may also be involved in maintaining proper water 
balance in the core.  The inner most shell layer is the skin.  It is composed of unknown 
high molecular weight proteins, tightly associated with the core, and its function is 
unclear.  X-ray diffraction shows the skin to have the highest degree of molecular 
orientation in the silk fiber, and AFM indicates that it is the most rigid region (Rousseau 
et al., 2007; Sponner et al., 2007). 
 
 
Figure 1.3  Diagram of a major ampullate fiber cross-section.  The inner 
core is composed of MaSp1 and MaSp2.  The outer core contains only 
MaSp1.  The shell layers are composed of non-MaSp molecules.  From 




In addition to the MaSp proteins and shell components discussed above, there are 
other non-protein components to major ampullate silk fibers.  The most abundant of these 
is water which composes 66% of stored spidroin solution and 20% of the spun fiber (by 
mass) (Chen et al., 2002; Shao et al., 1999b).  This water plays an important role in the 
silk fiber because dehydrated fibers have diminished tensile strength, and when silk fibers 
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are submerged in water they exhibit a behavior called ‘super-contraction’ where the fiber 
will shrink as much as 40% in length (Eles et al., 2004).  NMR studies have 
demonstrated that super-contraction is mainly due to hydration of the amorphous glycine-
rich region causing disruption of inter-chain hydrogen bonds and subsequent swelling 
(Holland et al., 2008).  It has been suggested that super-contraction helps to maintain 
tension in the draglines threads supporting a web and prevent sagging. 
Present in the stored spidroin solution and in silk fibers are also metal ions and 
inorganic phosphate.  Sodium and potassium ions are present in a major ampullate fiber 
at 0.3 and 2.9 mg per g dry weight, respectively (Chen et al., 2004).  Chloride, phosphate, 
and possibly calcium and magnesium ions are also present (Knight et al., 2001a; Yuan et 
al., 2010).  The abundance of these ions changes along the duct’s length with 
consequences for fiber assembly (to be discussed later).  Other molecules with unknown 
purpose have also been detected.  Nephila major ampullate silks are golden-yellow in 
color.  This is attributable to the presence of pigment(s) (possibly benzoquinone, 
naphthoquinone, and/or xanthurenic acid) which is not bound to the spidroins (Holl et al., 
1988).  NMR on Nephila major ampullate fibers has detected a five-membered cyclic 
phosphate (possibly a cyclic sugar phosphate) (Michal et al., 1996).  Also present in the 
ampulle contents are droplets (~2 µm diameter) of an unknown substance that is non-
miscible with the surrounding spidroin solution (Knight et al., 1999b).  These droplets 
elongate in the duct and are probably responsible for the cavities (canaliculi) observed in 
the solid fiber which may act to block fractures from propagating through the fiber core 
(Frische et al., 1998).  Lastly, a glucose-rich polysaccharide that is not covalently bound 
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to MaSp proteins is present, and carbohydrates are estimated to constitute 3-5% of the 
fibers mass (Weiskopf et al., 1996). 
 
Silk Genes: Structure and Evolution 
Spider silks have evolved such exceptional strength for three main reasons.  First, 
webs must be able to withstand the impact of a flying insect and the struggles of 
entangled prey.  Second, lesser amounts of a silk are needed the stronger it is, and 
therefore there is a lower metabolic cost in producing it.  Third, a thinner thread is less 
visible to prey and is less affected by wind, both of which are advantageous features for 
web construction.  It is through the interaction of these evolutionary constraints that 
spiders have managed to produce one of nature’s most impressive super-fibers (Hayashi 
et al., 2005). 
Since spidroins are unlike most proteins expressed in a eukaryotic proteome, it is 
not surprising that the genes encoding spidroins also have unusual features and 
evolutionary histories.  For example, due to the high frequency of Gly and Ala residues 
(encoded by GGN and GCN codons, respectively) the genes have a rather high guanine + 
cytosine (GC) content.  To mitigate the difficulty in separating the strands of high GC 
regions during transcription, there is a strong bias for adenine or thymine nucleotides in 
the 3rd position of the Gly and Ala codons (Ayoub et al., 2007; Rising et al., 2007).  At 
present, only two spidroin genes have been fully sequenced: MaSp1 locus 1 and MaSp2 
from L. hesperus (Ayoub et al., 2007).  Also, the flagelliform (FLAG) gene from N. 
clavipes is almost completely sequenced (Hayashi et al., 1998).  Therefore, the structure 
   16 
of these genes will be used as examples.  Partial genomic and cDNA sequencing from 
many other spidroin types and spider species support the trends presented here. 
 
Tandem duplications in the repeat domain: 
Tandem repeat arrays of a basic repeat unit is a feature common to all fiber-
forming spidroin types.  Though, the sequence and length of the repeat unit does vary 
widely among spidroin types.  In the FLAG gene (which encodes the protein used in the 
elastic capture spiral), the basic repeat unit is [GPGGX]41[GGX]7[34 amino acid 
spacer][GPGGXn]26 (where X is typically A, V, S, or Y) (Hayashi et al., 2001).  Each 
repeat unit in the gene constitutes a single exon of ~1320 bp, and this exon is copied 
nearly identically in tandem 11 times in the FLAG gene with 10 intervening introns.  Not 
only are the repeat unit exons copied with high fidelity, but so too are the introns between 
them (each ~1420 bp).  It’s clear from this pattern of gene organization that the ancestral 
FLAG gene encoded a single repeat unit and a single intron, and this exon-intron pair was 
copied in tandem to produce the ~30 kb FLAG gene in N. clavipes.  This pattern of 
repeated intron-exon structure is also seen in the MaSp2 gene of Argiope spiders 
(Motriuk-Smith et al., 2005).  In contrast, L. hesperus MaSp1 and MaSp2 are both large 
genes (~10 kb) consisting of a single large exon and no introns.  Intronless genes of this 
size are unusual for eukaryotes.  The lack of introns may facilitate gene expression by 
minimizing the resources committed to intron transcription and splicing. 
Similarly, the gene organization of L. hesperus MaSp1L1 also bears the signs of 
tandem duplications.  In this case, the repeat units are considerably smaller and show 
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patterns among repeats which occur every 2, 4, or 8 repeat units.  These periodic patterns 
indicate successive rounds of repeat unit copying and modification.  From this we can 
reconstruct a hypothetical series of events that gives rise to the present day MaSp1L1 
gene.  In one potential evolutionary sequence of events, the ancestral MaSp1 gene 
consisted of a single 35 amino acid type 1 repeat (Figure 1.4).  Next, this repeat unit was 
duplicated and the second copy modified by substituting Q for R and deleting an ‘AG’ to 
generate a type 2 repeat.  This dimer (1,2) is then duplicated into a tetramer (1,2,1,2) and 
the second dimer unit is modified by a series of deletions (mostly at GGX sites) to form a 
modified tetramer (1,2,3,4).  The tetramer is then duplicated into an octomer 
(1,2,3,4,1,2,3,4) and four A are deleted from the poly-alanine of the second type 3 repeat.  
This octomer (depicted in Figure 1.4) is then tandemly duplicated ~10 times.  Lastly, 
after the repeat array expansion, single amino acid substitutions occur at unique (non-
recurring) positions in individual repeat units (as seen in the bold amino acids of Figure 
1.4).  Preceding the block of 10 tetramers are 9 type 1 repeats which may have expanded 
from the 5’ end of the tetramer block or may have been present prior to the formation of 
tetramer block.  Obviously, other hypothetical orders of events are equally possible (e.g., 
type 1 may be a modified copy of type 2 which has gained an R residue, not vice versa as 
proposed) and each presumed deletion event may in fact be an insertion on the 
complementary unit.  Similar to L. hesperus MaSp1L1, partial N. clavipes MaSp1 
sequences also show about one R residue for approximately every other repeat unit (Xu et 
al., 1990).  Given the number of repeat units in a MaSp molecule, this gives spidroins a 
large net positive charge (assuming no charged post-translational modifications) and the 
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alternation of repeats with and without positive charges may be an important feature for 
proper silk assembly. 
 
 
Figure 1.4  The second order repeat unit of Latrodectus hesperus MaSp1 
locus 1.  This octomer of the basic repeat units (types 1-4) is itself 
repeated about ten times in tandem.  Invariant residues are shown as 
highlighted.  The Arg residue present on every other repeat unit is 
underlined.  Examples of non-recurring amino acid substitutions are 
shown in bold.  Sequences from Ayoub et al. (2007) 
 
The repeat organization of L. hesperus MaSp2 is somewhat more complex, but 
has the same essential features of MaSp1L1.  It also has a basic repeat unit which has 
been modified into 4 types and tandemly repeated.  The difference, however, is that the 
order of repeat types does not follow a clear pattern (e.g., types 
1,2,1,4,1,3,1,4,1,2,3,1,4…, not [1,2,3,4]n as in MaSp1).  The duplication process is 
especially evident because a 778 amino acid block (31 repeat units) is repeated once in 
tandem in the center of the repeat array.  It has been proposed that the repeat length 
Repeat 
 type 
  1    GGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAA 
  2    GGAGQGGQGGYGQGGYGQGGAGQGG--AAAAAAAA 
  3A   GGAGQ---GGYGR-----GGAGQGGA-AAAAAAAA 
  4    -GAGQ---GGYG----GQ-GAGQGGAGAAAAAAAA 
 
  1    GGAGQGGQGDYGRGGYGQGGAGQGGAGAAAAAAAA 
  2    GGAGQGGQGGYGQGGYGQGGAGQGGAAAAASAAAA 
  3B   GGAGQ---GGYGR-----GGAGQGGA-AAAA---- 
  4    -GAGQ---GGYG----GQ-GAGQGGAGAAAAAAAA 
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differences among the 4 repeat types of MaSp1 and MaSp2 is advantageous in preventing 
an undesirable level of silk cyrstallinity (which could impair flexibility) by staggering the 
β-sheet forming poly-alanine blocks at irregular intervals (Bini et al., 2004). 
These tandem duplications in spidroin genes likely occured through a mechanism 
of unequal crossing-over (Figure 1.5) (Beckwitt et al., 1998).  During meiosis, if a cross-
over event occurs between homologous blocks at different positions within a tandem 
repeat array, this will generate two products: an expanded repeat array and a reduced 
repeat array.  Multiple rounds of unequal cross-over and subsequent positive selection on 
the larger cross-over products could easily generate the ~100-mer tandem repeat arrays 
found in MaSp1 and MaSp2 genes.  While it may be conceptually difficult to accept that 
silks consisting of small repeat oligomers had sufficient functional value to be selected 
upon, in fact, recombinant proteins consisting of only four repeat units have been shown 
capable of producing large fibers (Stark et al., 2007).  Additionally, the repetitive fiber 
silks may have evolved from non-repetitive glue silks (or other non-repetitive secreted 
proteins), and the repeat unit may have expanded to tetramer size through neutral drift 
before selection acted upon its newly acquired fiber forming properties. 
 
 
Figure 1.5  Repeat array expansion through unequal crossing over.  A 
cross-over event between two homologous repeat units at different 
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positions in a repeat array (such as the repeat domains of spidroins) will 
result in a larger and a smaller repeat array.  Through this mechanism, the 
~100-mer MaSp repeat arrays could have been formed. 
 
Population studies on spidroin genes and proteins indicate that there remains 
substantial diversity of differently sized spidroin alleles in present day spider populations.  
A study of major ampullate silks from 100 N. clavipes spiders has revealed that while 
MaSp mRNAs are on average 12.5 kb, they can range from 10 to 18 kb among allelic 
variants.  In agreement, MaSp proteins extracted from these spiders range from 175 to 
350 kDa.  Satisfyingly, the polymorphic protein sizes could be correlated to the 
mechanical qualities of the dragline fibers they produced.  Longer allelic variants 
produced thicker threads with lower extensibility but higher tensile strength and energy to 
break (Chinali et al., 2010).  Similarly, genomic DNA sequencing of N. pilipes FLAG 
genes and cDNA sequencing of E. australis MaSp1 transcripts also indicate considerable 
variations in repeat length and motif composition within local spider populations 
(Higgins et al., 2007; Rising et al., 2007). 
 
Spidroin gene and domain duplications: 
As mentioned earlier (and described in Table 1.2), all sequenced fiber-forming 
spidroins have an N-terminal domain (homologous the MaSp-NTD) and a C-terminal 
domain (homologous the MaSp-CTD) flanking their repeat arrays.  Therefore, spidroin 
N-terminal domains and C-terminal domains constitute respective domain families.  
BLAST searches find no substantial similarity between these spidroin terminal domains 
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and any other sequences in GenBank.  The spidroin N- and C-terminal domains were 
likely present on an ancestral spidroin gene then copied to spidroin genes consisting of 
only repetitive domains.  This would give the recipient spidroins added functionality and 
could be positively selected within the population. 
There is evidence for the duplication of whole spidroin genes as well.  In L. 
hesperus and L. geometricus, there are three MaSp1 genes (Loci 1-3) (Ayoub et al., 
2008a).  In L. hesperus there is also a MaSp1 psuedo-gene with a stop codon relatively 
early in the gene sequence.  In N. clavipes, N. pilipes, and E. australis there is evidence 
of at least two MaSp1 genes (MaSp1A and MaSp1B) (Gaines et al., 2008a; Higgins et 
al., 2007; Rising et al., 2007).  The two MaSp1 genes in E. australis are known to both 
be expressed, and in N. clavipes they are simultaneously co-expressed.  There are two 
plausible benefits from the observed MaSp1 duplications.  First, MaSp1 is the more 
highly expressed MaSp protein in these spiders; therefore the duplication may simply 
facilitate high levels of protein expression by ensuring that template availability during 
transcription does not bottleneck the expression pathway when demand is high.  Second, 
if there is significant difference between the repeat domain sequences of the two MaSp1 
genes, a varied ratio of MaSp1A and MaSp1B may allow altered mechanical qualities of 
the spun fibers. 
 
Concerted evolution of the terminal domains: 
When nucleotide distance based trees are generated for the spidroin N- or C-
terminal domain families from orb-weaving spiders, an odd pattern emerges.  The 
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sequences cluster first by the gland of origin (e.g., major ampullate or flagelliform), then 
by the spider genus, and finally by the specific spidroin gene (see Figure 2.4) (Rising et 
al., 2010).  For example, the N-terminal domain from Latrodectus MaSp1 is more similar 
to Latrodectus MaSp2 than it is to Nephila MaSp1, but it is also more similar to any other 
major ampullate N-terminal domain than it is to a flagelliform or tubuliform N-terminal 
domain. 
If we were to assume a simple mutation molecular clock model (where divergence 
time correlates to sequence difference), this would lead us to assume an unusual order of 
events.  First, an ancestral spidroin gene (containing N- and C-terminal domains) was 
duplicated to form a variety of spidroin gene types, but only one spidroin gene per gland.  
Second, speciation occurred among the spider lineages.  Third, duplications of the single 
MaSp gene formed MaSp1 and MaSp2 and duplications of a single minor ampullate 
spidroin (MiSp) gene form MiSp1 and MiSp2.  This last step would have had to occur 
independently in dozens of different spider lineages and the repeat domains of MaSp1 
and MaSp2 would then have to diverge substantially, but again identically so in 
numerous spider lineages. 
An alternative and more reasonable model is that spidroin gene duplications (and 
functional diversification) occurred for all spidroin types prior to orb-weaver speciation, 
but that gene conversion has homogenized the terminal domain sequences within each 
species since speciation  (Ayoub et al., 2008a).  This gene conversion would confound 
the molecular clock model by making terminal domain sequences within a species more 
similar over time, not less so (a process called concerted evolution).  It is possible that 
   23 
concerted evolution happens only between MaSp genes and between MiSp genes and not 
among other spidroin genes due to the higher nucleotide identities in spidroins of the 
same gland origin (75% between MaSp-CTDs and 59% between MaSp1 and MiSp1 
CTDs in N. clavipes).  This would explain why all spidroin terminal domains within a 
spider genus are not similarly homogenized. 
 
The Fiber Production Pathway 
Major ampullate gland anatomy: 
The major ampullate gland consists of three functionally distinct regions: the tail, 
the ampulle (or storage sac), and the duct (Figure 1.6).  These three regions share a 
continuous internal lumen.  Minor ampullate, flagelliform, and tubuliform glands also 
have a similar tripartite anatomy.  These glands are present in pairs and each gland 
connects to an exterior surface called a spinneret.  MaSp proteins are synthesized 
primarily in the tail region of the major ampullate gland (and to a lesser extent in the 
ampulle) (Bell et al., 1969; Plazaola et al., 1991; Sponner et al., 2005a).  The epithelial 
cells that surround the lumen of the tail are specialized for high levels of protein synthesis 
with extensive rough endoplasmic reticulum (ER) and numerous secretory vesicles 
(Casem et al., 2002; Knight et al., 2001b).  Since major ampullate silks are composed of 
large proteins rich in glycine and alanine, there is a high demand for the corresponding 
tRNAs during synthesis.  Accordingly, glands stimulated to produce silk have been 
observed to selectively increase Gly and Ala tRNAs (Candelas et al., 1981).  In fact, a 
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gland-specific Ala tRNA has been discovered which is likely present to help meet the 
demand of this specialized cell type (Candelas et al., 1990).  MaSp proteins are secreted 
to the lumen from these cells by exocytosis and accumulate in the ampulle. 
 
 
Figure 1.6.  Diagram of a major ampullate gland.  The top line of text 
indicates the names of anatomical features of the gland, and below each is 
a description of their purpose.  Under the gland are descriptions of the 
molecular configurations of spidroins at each stage of the spinning 
process.  From Lewis (2006). 
 
The diameter of the gland lumen widens dramatically at the ampulle, permitting 
the storage of spidroin proteins until silk is needed by the spider.  In adult Nephila 
spiders, several hundred meters of dragline silk could be produced from the amount of 
stored material.  The wall of the ampulle is composed of a single layer of epithelial cells 
similar to those found in the tail.  The secretory part of the gland can be morphologically 
divided into two parts, the A-zone and B-zone (Dicko et al., 2004d).  The A-zone 
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constitutes the tail and the proximal half of the ampulle and secretes MaSp1 and MaSp2.  
The B-zone, which spans from the widest part of the ampulle to the duct, has epithelial 
cells similar to those in the A-zone but having secretory vesicles filled with a material 
that appears electron dense and liquid crystalline with hexagonal packing in transmission 
electron microscopy (TEM) images (Knight et al., 1999a).  The protein secreted from 
these cells most likely forms the skin layer described earlier.  Circular dichroism (CD) 
spectra on material secreted from the B-zone are substantially different than material 
from the A-zone and amino acid analysis shows it to have a higher glycine content and 
lower alanine content compared to MaSp proteins (Dicko et al., 2004d; Kenney et al., 
2002). 
Extending from the ampulle is a long duct which is the site of spidroin alignment 
and assembly into solid fibers.  This duct has a tapered geometry where the lumen 
diameter decreases at a grade resembling a hyperbolic function (Knight et al., 1999b; 
Knight et al., 2000).  The beginning of this duct is termed the funnel where the lumen 
diameter decreases rapidly from the broad ampulle.  The duct extends from the funnel, 
then bends back upon itself in a tight hairpin leading back towards the ampulle.  Once 
again it bends upon itself and extends away from the ampulle toward the abdominal wall.  
This double hairpin gives the duct a tight S-shape and delineates the 3 limbs of the duct, 
which are held together in a bundle by connective tissues.  It also makes the duct 3 to 5 
times longer than would be needed to simply connect the ampulle to the spinneret (Bell et 
al., 1969).  In Nephila edulis, the duct lumen decreases from 120 µm in diameter at its 
beginning to 10 µm at the very end (Knight et al., 1999b). 
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Along the progression of the duct, the epithelial cells steadily increase in size 
suggesting an ascending degree of ion transport (Vollrath et al., 2001a).  Separating the 
epithelial cells from the duct lumen is a thin layer of extracellular matrix called the 
cuticle (or cuticular intima) (Vollrath et al., 1998; Vollrath et al., 1999).  It has a hollow 
tubular morphology and probably acts as capillaries for ion and water exchange between 
the cells and lumen.  In the distal part of the third limb, the cuticle thickens and the 
morphology of the epithelial cells changes.  These unusual flask-shaped cells may be 
responsible for adding shell layers to the fiber (Vollrath et al., 2001a).  Towards the end 
of the duct are columnar epithelial cells with extensive microvilli extending into the 
cuticle.  Since water is displaced outward as the fiber condenses, it is likely that these 
cells are specialized for rapid water uptake to prevent water loss during fiber spinning.  
Also in the distal end of the third limb is a small ring of muscles surrounding the duct 
termed the valve (Vollrath et al., 1999).  The valve can clamp down on the fiber to slow 
or stop the descent of a spider hanging from a dragline thread.  Using the valve as a pump 
for pushing forward an internally broken thread to re-initiate spinning has also been 
proposed. 
The duct connects to the spinneret at the abdominal wall.  On the exterior side of 
the abdomen is a single pore at the tip of a small cone-shaped structure identified as the 
spigot.  The edges of the elastic spigot hold flush against the fiber which extends 
outward.  This close contact of the spigot to the fiber helps the spider minimize the 
amount of water lost to the environment during spinning. 
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Pre-spun molecular organization: 
MaSp proteins are stored in the ampulle at extremely high concentrations around 
30-50% (w/v) (though 30% is probably the more reasonable estimate) (Chen et al., 2002; 
Hijirida et al., 1996).  There is conflicting information on the secondary structure that 
MaSp proteins adopt while in this storage state.  CD spectra on gland extracts have 
generally indicated disordered or random-coil states.  However, some α-helices, β-turns, 
and even β-sheets have also been predicted by CD (Dicko et al., 2004c; Dicko et al., 
2004b; Dicko et al., 2004d; Hijirida et al., 1996).  When major ampullate glands were 
stained with Congo Red (a fluorescent dye sensitive to β-sheets), evidence of β-sheets 
was only evident in the distal duct, not in the ampulle (Knight et al., 2000).  Fourier 
transformed infrared (FTIR) spectroscopy has detected α-helices and disordered states, 
with some β-turns (Hijirida et al., 1996; Dicko et al., 2004b).  Lastly, nuclear magnetic 
resonance (NMR) spectroscopy indicates the primary secondary structure to be random 
coil, but with the alanine residues in α-helical structure (Hronska et al., 2004; Hijirida et 
al., 1996; Lawrence et al., 2004). 
Part of the reason for these apparent inconsistencies is that all of these studies 
involved extraction of the major ampullate material, dilution of the sample, and possibly 
a period of storage prior to analysis.  Some studies have specifically selected only A-zone 
material while others have not specified, which probably indicates a mixture of A-zone 
and B-zone material.  Concentrated silk solutions are especially sensitive to shear and 
pipetting may have caused artifactual β-sheets in some cases.  Also of interest, when CD 
spectra were performed on major ampullate extracts at various dilution factors, it was 
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found that silk solutions at higher concentration have a more α-helical character and are 
also more sensitive to temperature-induced β-sheet formation (Dicko et al., 2004c).  To 
avoid the problems caused by handling and dilution, Raman spectromicroscopy has been 
performed on gland material in situ (Lefevre et al., 2007; Lefevre et al., 2008).  By this 
method, the silk appears to be predominantly unfolded with some α-helix.  Since this is in 
agreement with most other studies, this should be considered a reliable description of 
MaSp secondary structure during storage. 
Given the predominance of disordered secondary structures in MaSp proteins, it is 
not surprising that there is no information on their tertiary structure in the storage state.  It 
has however been suggested that each MaSp molecule may condense into a rod-like 
shape through parallel stacking of its α-helices (Dicko et al., 2006).  This model has been 
proposed to explain the apparently liquid crystalline nature of stored spider silk (i.e., the 
solution can flow like a liquid but also has a patterned molecular orientation 
characteristic of a crystal).  In this model of MaSp supramolecular organization, the silk 
behaves as a lyotropic (concentration dependent) nematic (rod-shaped units where the 
molecules are aligned parallel with respect to their long axis but otherwise randomly 
distributed) liquid crystal  (Figure 1.7, left panel).  It is thought that if the spidroin 
molecules are already non-randomly oriented, it is easier for them to align with the 
direction of flow during fiber assembly and produce a well-ordered fiber. 
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Figure 1.7  Comparison of the liquid crystalline (left) and micelle (right) 
models of spidroin arrangements during storage.  In each case, spidroin 
monomers (depicted at the top of each panel) are expected arrange 
themselves into organized states in prior to fiber assembly.  From Romer 
and Scheibel (2008) 
 
The evidence for the liquid crystalline nature of spider silk comes from polarized 
light microscopy of gland extracts (Kerkam et al., 1991) and of fixed major ampullate 
glands (Knight et al., 1999b).  In both cases, the spidroin solutions are capable of 
polarizing light (indicative of molecular cyrstallinity) as observed by rotating the 
polarized light source and observing changing transmittance patterns.  The patterns 
observed indicate that the molecules are aligned across distances of up to a few hundred 
µm but the molecular orientations change along contour lines over greater distances.  
Similarly, transmission electron microscopy (TEM) and atomic force microscopy (AFM) 
images of flash frozen and sectioned glands show a parallel banding pattern with about 
250 nm between bands (Willcox et al., 1996).  Also characteristic of a nematic liquid 
crystal, the rheology of spidroin solutions exhibit a decrease in viscosity with increasing 
shear rate (Kojic et al., 2006). 
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An alternate model of the supramolecular organization of stored spidroins is that 
they organize into micelles  (Figure 1.7, right panel) (Jin et al., 2003).  While micelles 
can be considered as a type of liquid crystalline arrangement (the molecules are non-
randomly oriented to each other within the micelle), this model is distinct from the liquid 
crystalline model just discussed and carries with it different implications for the fiber 
assembly process.  Under this model it is believed that the more hydrophobic repetitive 
domains partition to the core of the micelle and the hydrophilic terminal domains form 
the micelle’s solvent exposed outer surface.  The micelle model is satisfying in that it 
helps to explain how the spidroins are stored at such a high protein concentration because 
much of the protein in the micelle would not require a hydration layer to maintain 
solubility.  If the spidroins were instead fully extended, a large proportion of the 66% 
water in the spidroin solution would be required to maintain a hydration.  The micelles 
(~100-200 nm in diameter) are themselves are thought to assemble into higher order 
structures called globules.  As the globules and constituent micelles experience the 
elongational flow forces of the duct, they become elongated ellipsoids causing the repeat 
domains within their core to partially align with the direction of flow.  Once the micelles 
reach a critical degree of elongation, the micelliar structure collapses, exposing the 
hydrophobic cores and promoting a hydrophobically driven fiber condensation. 
While the micelle model of spidroin organization has appealing explanatory 
power, the evidence for micelles in spider silk is somewhat indirect.  Micelles have been 
proposed for the fibroin proteins of stored silkworm silk based on morphologies observed 
in micrographs of fibroin solutions treated with polyethelene oxide (Jin et al., 2003).  
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Also, AFM images of silkworm and spider silk fibers reveal a certain degree of 
lumpiness (nanoglobules on the order of 10-20 nm) (Perez-Rigueiro et al., 2007) and that 
spider silk threads are composed of fibril bundles (about 300 nm in diameter), perhaps 
originating from elongated globules (Gould et al., 1999; Li et al., 1994).  Some 
experiments on recombinant proteins have also suggested micelle arrangements.  
Constructs based on Araneus diadematus spidroins ADF3 and ADF4 (having repeat and 
C-terminal domains) can form microspheres (~1 µm diameter) when exposed to high 
levels of potassium phosphate (Rammensee et al., 2008; Slotta et al., 2008).  When 
subjected to a flow bottleneck, the ADF3 microspheres can merge into fiber-like 
structures.  ADF3 also has an interesting behavior that when it is at high protein 
concentration in denaturant and the denaturant is dialyzed away, it separates into a high-
density phase (composed of large non-covalent assemblies of spidroins observed by 
dynamic light scattering (DLS)) and a low-density phase (Exler et al., 2007).  Silk 
threads can be drawn directly from the high-density phase when exposed to concentrated 
phosphate.  Lastly, recombinant proteins based on spidroin from the tubuliform gland 
(TuSp1) also form into large soluble assemblies (~100 nm diameter) with the NTD and 
CTD at the surface (Lin et al., 2009). 
 
Forces driving fiber assembly: 
Collectively, the complex solution of MaSp proteins, ions, possible 
polysaccharides, and other molecules present in the ampulle is referred to as spinning 
dope.  When the spider pulls on the silk fiber extending from its spinneret, the 
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displacement of volume at the distal part of the duct causes spinning dope to be drawn 
from the ampulle into the proximal part of the duct.  This process has been described as 
‘pull-trusion’ to contrast with extrusion (applying force behind the unpolymerized 
substance) which  is commonly used in industrial manufacturing.  Also in contrast to 
industrial polymer manufacturing which often utilizes high temperature and pressure and 
noxious solvents, the fiber assembly occurs at roughly atmospheric pressure (since no 
back-pressure is being applied to the gland), at ambient temperature (because spiders are 
poikilothermic), and in aqueous solvent. 
Due to the tapered geometry of the duct described earlier, the flow velocity of the 
spinning dope passing through it increases about 100-fold between the start and end of 
the duct (Breslauer et al., 2009).  As the dope accelerates, the spidroin molecules within 
it experience extensional strain that stretches them along the direction of flow promoting 
molecular alignment (Breslauer et al., 2009; Lefevre et al., 2008; Knight et al., 1999b).  
Additionally, friction caused when the dope is forced against the narrowing lumen wall 
causes shear force that is also expected to stretch and align the spidroins.  The extensional 
and shear forces are predicted to increase concurrently with flow velocity, and so reach 
their highest levels near the end of the duct.  Rheological characterization of Nephila 
dope indicates that its viscosity decreases as shear rate increases (i.e., shear-thinning) 
(Chen et al., 2002).  This property may aid the dope to maintain flow acceleration in spite 
of increasing friction against the lumen wall.  It has also been proposed that a surfactant 
may be added to the duct for this purpose but there is no evidence supporting its presence 
(Vollrath et al., 2001a). 
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The chemical environment of the duct lumen also changes across its length.  As 
mentioned previously, sodium, potassium, phosphate, and chloride ions are present in 
spinning dope and perhaps also magnesium and calcium ions (Knight et al., 2001a; Yuan 
et al., 2010; Chen et al., 2004).  Sodium concentration drops from 3.1 mg g-1 dry weight 
in the ampulle to 0.3 mg g-1 in the fiber and potassium increases from 0.75 mg g-1 to 2.9 
mg g-1.  Since major ampullate gland contents are ~66% water, this allows us to calculate 
that the salt concentration in the ampulle is about 58 mM (~51 mM Na+ and ~7 mM K+).  
Each of these ion changes occurs as a somewhat linear function of duct position.  
Phosphorus concentration (indicative of phosphate) also increases at least five-fold 
through the duct but goes back to a lower level in the fiber suggesting phosphate is taken 
up by epithelial cells along with surplus water at the end of the duct (Knight et al., 
2001a).  There is also a slight decrease in chloride and a slight increase in sulfur.  The 
increase in sulfur may indicate addition of a sulfurous molecule to the lumen, but more 
likely it is simply indicative of higher protein concentration. 
Of particular significance, there is also a pH gradient along the duct.  Using a pH 
microprobe, Dicko et al. (2004) reported that the pH in the major ampullate gland 
changes from 7.2 in the ampulle to 6.3 in the duct (Dicko et al., 2004d).  However, the 
lower pH measurement was taken only 0.5 mm into the 20 mm long duct and was 
performed on a gland surrounded by buffer at pH 7.4.  Histological staining shows that 
H+ pump activity increases steadily along the entire length of the duct so it is likely that 
the pH goes well below 6.3 (Vollrath et al., 1998).  Interestingly, the spidroin solution in 
N. clavipes major ampullate glands contains a yellow pigment that is present in the final 
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fiber.  As the spidroin solution enters the duct, however, it becomes colorless.  A pH 
titration of major ampullate contents has demonstrated that the yellow pigment does not 
turn clear until the solution is acidified beyond pH 5 (Dicko et al., 2004a), consistent with 
the presence of lower pH values in the duct.  Direct measurements have been attempted 
on liquid from the third limb of the duct using colorimetric dyes (Knight et al., 2001a).  
However, the third limb is on average less than 40 µm in diameter (Knight et al., 1999b) 
so the luminal volume of the entire third limb is less than 0.01 µl and the luminal volume 
of all three limbs combined is less than 0.1 µl.  Therefore it’s likely that the majority of 
the fluid being measured was not actually luminal contents. 
While changes in pH, metal ions and phosphate concentration, flow rate, shear, 
and extensional strain do occur over the entire length of the duct (though mostly at its end 
for the latter three), β-sheets do not form among the spidroins until the distal half of the 
third limb of the duct.  Congo Red (a fluorescent dye sensitive to β-sheets) stains this 
region but not any earlier segments (Knight et al., 2000).  Raman spectromicroscopy has 
also only detected β-sheets in this region (Lefevre et al., 2008). This suggests that the 
majority of the duct, and the chemical and physical changes therein, function only to 
induce molecular alignment and organization in preparation for fiber assembly.  In the 
distal duct just prior to the valve (about 2 mm before the spigot in N. edulis), where shear 
and extensional forces reach their maxima, the dope suddenly pulls away from the 
luminal wall and condenses into a β-sheet rich solid fiber (Knight et al., 1999b).  This 
phase partitioning event (a.k.a. draw-down) displaces water out of the fiber core into the 
lumen periphery.  Distal to this section of the gland the core fiber is essentially complete 
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and only water uptake and addition of shell layers to the nascent fiber occur.  Exposure to 
air is not necessary for the fiber to fully solidify since silks can be spun underwater 
(Lamoral, 1968). 
For all proteins, the folded structure of a polypeptide is determined by an 
interplay between its amino acid sequence and the surrounding chemical environment.  
This is especially true for spidroins, in that the conformations they adopt are highly 
dependent on the chemical environments and physical forces they experience.  The 
repetitive domains of spidroins are mostly unstructured during storage in the ampulle, but 
they assume structure in response to the chemical changes and physical forces applied by 
the duct.  Consequently, fiber reeling speed, ambient temperature and humidity, and 
spider anesthetization have all been shown to affect fiber mechanical qualities (Work, 
1977; Madsen et al., 2000; Perez-Rigueiro et al., 2005; Vollrath et al., 2001b; Vehoff et 
al., 2007).  When silk proteins are subjected to various buffer conditions in vitro, they 
can be manipulated to form films, gels, or microspheres, adding further support that 
spidroin structure is strongly influenced by its environment (Chen et al., 2002; 
Rammensee et al., 2006; Lammel et al., 2008). 
 
Fiber molecular organization: 
When a solid fiber is pulled from the major ampullate gland spinneret, the 
constituent spidroins are organized with respect to each other, but the organization is not 
a periodic crystal and there is substantial heterogeneity in molecular distribution and 
conformation.  This element of randomness has hampered the ability of conventional 
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techniques such as X-ray diffraction and solid state NMR to elucidate spidroin structure 
in a fiber.  Nonetheless, the degree of molecular organization is apparent from several 
lines of evidence.  Raman and X-ray microscopy using polarized light sources both show 
that parallel and perpendicular orientations of the fiber yield different results (Rousseau 
et al., 2007; Shao et al., 1999a; Lefevre et al., 2008).  Second, when spidroin dope 
solutions are extruded into an alcohol bath, β-sheet rich fibers can be formed but they 
generally lack the impressive mechanical qualities of native fibers due to inadequate 
molecular organization (Shao et al., 2003; Holland et al., 2007).  Last, the proteins of 
major ampullate fibers do not dissociate when boiled in detergent or incubated in 
concentrated urea or guanidine (Sponner et al., 2005a; Sponner et al., 2007).  They also 
remain stable through freeze-thaw and autoclaving (Hedhammar et al., 2010).  Treatment 
with hexafluoroisopropanol or concentrated LiBr are the only effective means for 
solubilizing spidroins after spinning (Sponner et al., 2005a). 
X-ray diffraction has indicated that small (about 2 x 6 nm) crystalline regions 
(crystallites) occupy 10-15% of the fiber volume (Grubb et al., 1997; Ulrich et al., 2008).  
The crystallites are generally oriented with their longer dimension parallel to the fiber 
axis (Grubb et al., 1997; Rousseau et al., 2007).  Crystallites are predicted to be patches 
of β-sheet and are surrounded by an amorphous and less oriented matrix (Figure 1.8) 
(Termonia, 1994).  Solid state NMR has established that the poly-alanine motifs form β-
sheets (primarily anti-parallel) in the fiber and that the amorphous non-crystalline region 
is composed of the glycine-rich silk motifs (e.g., GGX) in unordered or 31-helix (highly 
extended with inter-chain hydrogen bonding) conformations (Simmons et al., 1994; 
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Kummerlen et al., 1996; van Beek et al., 2002).  While β-sheets of only 4 to 7 alanines 
long may seem unusually small to produce fibers of such strength, molecular dynamics 
simulations have actually shown this to be an optimal number for β-sheet stability due to 
improved hydrogen bond cooperativity on small scales (Keten et al., 2010).  The MaSp2 
motifs containing proline (e.g., GPGXX) are predicted to form β-turn spirals that can act 
as molecular springs, much like the proline-rich motifs in elastin.  These motifs provide 
the characteristic elasticity of MaSp2 and flagelliform silk (Liu et al., 2008a; Liu et al., 
2008b).  Raman spectroscopy and Fourier transform infrared (FTIR) spectroscopy have 
also been used to study the structural features of silk fibers and are generally in 
agreement with the diffraction and NMR data (Gillespie et al., 1994; Dong et al., 1991; 
Peng et al., 2005). 
 
 
Figure 1.8  Diagram of the arrangement of spidroins in a major ampullate 
fiber.  Lines indicate spidroin polypeptides.  Thick lines are the same as 
thin and are added only for contrast purposes.  Bocks are β-sheets of poly-
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alanine motifs.  Wavy lines are the glycine-rich regions in unordered or 
31-helix conformations.  The small dashes between polypeptides illustrate 
hydrogen bonding.  From Ene et al. (2009) 
 
The combination of tensile strength and elasticity exhibited by silk fibers give 
them a very high energy to break value (see Table 1.1).  This balance of mechanical 
qualities may be attributable to the two structural features of silk fibers.  By rigidly cross-
linking spidroins, the β-sheets provide tensile strength while the more disordered regions 
are predicted to have some hydrogen bonding but are not in a fully extended state, 
allowing them to stretch and absorb energy under strain (Termonia, 1994; van Beek et 
al., 2002; Simmons et al., 1996). 
In contrast to the above model (accepted by the majority of research groups) 
where most β-sheets are inter-molecular, an alternate model suggests that each spidroin 
forms a series of blocks in which each block is composed of several repeat units folded 
upon themselves and held together by intra-molecular β-sheets (Porter et al., 2009; 
Vollrath et al., 2006; Ittah et al., 2010).  This has been named the ‘beads-on-a-string’ 
model.  While it does help to explain the predominance of anti-parallel β-sheets, this 
model is generally unconvincing because silk fibers lacking inter-molecular cross-links 
would not be predicted to be very strong. 
It is curious that major ampullate silks are about 3% tyrosine (about 1 per repeat) 
since the other prevalent amino acids in silk all tend to be small and less metabolically 
expensive (Dicko et al., 2004d).  It has been suggested that they may function by forming 
di-tyrosine covalent cross-links to strengthen the fiber.  However HPLC of silk 
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hydrolysates found no evidence of di-tyrosine residues (Vollrath et al., 1999).  NMR has 
indicated that the tyrosines do not incorporate into β-sheets and are only found in the 
more disordered regions (Izdebski et al., 2010).  Perhaps the bulkiness of the tyrosine 
side-chain functions to sterically separate the structurally ordered and disordered regions 
of the silk.  Lastly, the tyrosines may act as sites for phosphorylation (as discussed 
earlier) to alter the chemical properties of silk. 
MaSp1 and MaSp2 have an unusual spatial distribution pattern in the major 
ampullate silk fiber.  MaSp1 is present throughout the silk core.  In contrast, much of 
MaSp2 is concentrated into numerous dense bundles with a diameter of about 200 nm 
(Sponner et al., 2005b; Sponner et al., 2007).  Also, MaSp2 is almost entirely absent 
from the outer 350 nm of the silk fiber causing this area to be more rigid (see Figure 1.3, 
outer core) (Sponner et al., 2007; Li et al., 1994).  The mechanism and purpose of this 
MaSp2 partitioning is completely unknown. 
 
MaSp domain contributions to assembly: 
The nature of silk spinning presents a spider with an interesting dilemma.  It 
requires that spidroin protein be stockpiled in the gland for extended periods of time yet 
be ready at a moment’s notice to undergo an irreversible structural transition taking only 
seconds (Breslauer et al., 2009).  At the same time, the protein must be stored in an 
assembly-incompetent state such that under no circumstances does the spidroin solution 
ever assemble into β-sheet rich aggregates prematurely, regardless of environmental 
temperature, the spider’s nutritional status, possible body impacts from falling, etc.  Such 
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premature aggregations would clog the narrow duct and would likely lead to starvation of 
the spider.  The chemical changes and physical forces that occur between the ampulle and 
the distal duct can be viewed as signals informing the spidroins of when fiber assembly is 
appropriate.  Studies of recombinant partial MaSp proteins have helped to elucidate the 
roles of the individual spidroin domains in sensing the signals of the duct and transducing 
them into assembly-related behavior (Table 1.3).  Most of these partial MaSp constructs 
are based upon Euprosthenops australis (nursery web spider) MaSp1, Ea.MaSp1, or 
Araneus diadematus (European garden spider) fibroins 3 and 4 sequences, ADF3 and 
ADF4, which are both MaSp2-like silks. 
 




MaSp-NTD pH (Askarieh et al., 2010), Present Investigation 
  Ionic strength (Askarieh et al., 2010), Present Investigation 
MaSp-Rn Phosphate (Hedhammar et al., 2008; Huemmerich et al., 2004a) 
  Shear (Hedhammar et al., 2008; Eisoldt et al., 2010) 
MaSp-CTD Shear (?) (Hagn et al., 2010) 
 
The repetitive domain (MaSp-Rn)- 
Being the largest domain of MaSp proteins (~90% by molecular weight), the main 
function of the repetitive domain is to assume the patterns discussed in the previous 
section and, in so doing, generate a fiber with impressive mechanical qualities.  In other 
words, it is the key structural element of the fiber.  Fibers composed of only recombinant 
MaSp-Rn can be made (which is not true for MaSp-NTD or MaSp-CTD by themselves) 
and the strength of those fibers positively correlates with the number of repeats that are 
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present (Xia et al., 2010).  However, MaSp-Rn domains are also capable of responding to 
shear and phosphate signals. 
When protein constructs of Ea.MaSp1-Rn, ADF3-Rn, or ADF4-Rn are exposed to 
shear (by shaking or rotating the silk solution for periods ranging from 1 to 16 hours) 
they irreversibly assemble into aggregates (Hagn et al., 2010; Askarieh et al., 2010; 
Eisoldt et al., 2010; Exler et al., 2007; Hedhammar et al., 2008; Stark et al., 2007).  The 
aggregates are generally small (a few millimeters in size) and irregularly shaped.  FTIR 
on ADF3-Rn indicates that the aggregates are β-sheet-rich, and CD spectra on Ea.MaSp1-
Rn constructs before and after shear treatment show that α-helix transitions to β-sheet 
upon shear (Hagn et al., 2010; Eisoldt et al., 2010; Stark et al., 2007).  This is in 
agreement with the studies on whole native spidroins discussed above indicating that the 
poly-alanines are in α-helices before spinning and in β-sheets after spinning.  β-sheets are 
a considerably more extended secondary conformation than α-helices (with a distance of 
3.5 Å per residue along the β-strand axis versus 1.5 Å per residue along the α-helix axis) 
(Berg et al., 2002).  So the simplest way to explain how shear can induce this structural 
transition is a model where the shear forces act to physically strain the α-helix, 
destabilizing its hydrogen bonds, and promoting a more extended conformation in which 
β-sheets may form.  Once β-sheets form, reversions to α-helix would be infrequent since 
β-sheets are a more thermodynamically stable configuration (Kenney et al., 2002).  
Indeed, spidroins in the major ampullate gland only form β-sheets in the distal part of the 
duct’s third limb where shear and elongational forces are maximal (discussed earlier) 
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suggesting that these forces acting directly upon the poly-alanine motifs is the primary 
trigger of β-sheet formation in vivo. 
MaSp-Rn can also aggregate in response to high concentrations of phosphate.  
Ea.MaSp1-Rn exposed to 300 mM Na-phosphate slowly precipitates over a few hours 
(Hedhammar et al., 2008).  Similarly, in the presence of 200 or 300 mM K-phosphate 
ADF3-Rn or ADF4-Rn precipitate within 1 hour (Huemmerich et al., 2004a; Eisoldt et al., 
2010; Hagn et al., 2010).  The value of phosphate concentration in the distal duct is not 
known but it is probably lower than 300 mM, and the spidroins experience the elevated 
phosphate concentration of the distal duct for only a few seconds.  However, in 
combination with the high protein concentration and shear that occur in vivo, lower 
phosphate concentrations and time frames would be required.  Phosphate is a relatively 
kosmotropic ion and has strong potential for salting-out proteins (according to the 
Hofmeister series) (Heim et al., 2009).  Since the protein concentration in the duct is 
already so high that it approaches saturation, the addition of small amounts of phosphate 
to the duct may push the spidroins over a solubility tipping point. 
The repetitive domains are generally unresponsive to changes in pH, however 
there is some conflicting evidence on the subject.  Protein constructs based on 
Nc.MaSp1-Rn do not change secondary structure over the pH range of 4 to 8 (Fahnestock 
et al., 1997b).  Similarly, the secondary structure of Ea.MaSp1-Rn is constant from pH 4 
to 9 (Hedhammar et al., 2008).  While pH does affect the rate of phosphate-induced 
precipitation of Ea.MaSp1-Rn, the authors point out it is probably due to the altered 
charge on the phosphate ion rather than a direct effect on Ea.MaSp1-Rn.  ADF3-Rn and 
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ADF4-Rn aggregate only slightly after 1 hour at pH 1 (Huemmerich et al., 2004a).  
Nc.FLAG-Rn constructs do precipitate fully around pH 6 but the repeat consensus of 
flagelliform protein is quite different form that of MaSp protein (Heim et al., 2010).  
Lastly, the repetitive domains on native MaSp repetitive domains may be pH-sensitive 
through phosphotyrosines, which would not be present on recombinant molecules 
expressed in E. coli. 
The C-terminal domain (MaSp-CTD)- 
Numerous studies have investigated the functional contribution of MaSp-CTD by 
comparing constructs with only MaSp-Rn to ones which include both MaSp-Rn and 
MaSp-CTD (MaSp-(Rn-CTD)).  Collectively, the results indicate that MaSp-CTD 
functions to coordinate the assembly of MaSp-Rn.  In contrast to small and irregular 
aggregates of MaSp-Rn induced by shear or phosphate, the same treatments (especially 
shear) on MaSp-(Rn-CTD) protein yields macroscopic fibers with molecules aligned to 
the fiber axis.  Ea.MaSp1-(Rn-CTD) can form fibers over a meter in length when a dilute 
protein solution is rocked over-night (Stark et al., 2007; Hedhammar et al., 2008).  
Mechanical testing of these fibers indicated that they were about one tenth as strong as 
native fibers, but this is still impressive considering that only 4 repeat units are present in 
the construct.  Shear-induced ADF3-(Rn-CTD) fibers exhibit different infrared adsorption 
spectra when measured with polarized light perpendicular or parallel to the fiber axis 
indicating considerable molecular alignment (Hagn et al., 2010; Eisoldt et al., 2010).  In 
these spectra, it was observed that β-sheets were especially aligned with the fiber axis 
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much like native silk fibers.  The orientation-dependent difference in spectra is not seen 
for aggregates of ADF3 proteins lacking the CTD produced under the same conditions. 
MaSp-CTD likely coordinates the assembly of MaSp-Rn through its homo-
dimeric interaction causing MaSp-Rn domains to be adjoined through their associated 
MaSp-CTDs (Hedhammar et al., 2008).  Dimerization of MaSp-(Rn-CTD) subunits may 
properly orient the MaSp-Rn domains with respect to each other to facilitate organized 
assembly.  The MaSp-CTD dimer is stabilized by disulfide bonds, and some MaSp-CTDs 
have more than one Cys permitting oligomeric cross-linking of MaSp-CTDs that could 
further increase molecular alignment (Heim et al., 2010).  However, it has been shown 
that disulfide bonds are not required for MaSp-CTD dimerization nor for MaSp-CTD’s 
ability to coordinate spidroin assembly.  When ADF4-(Rn-CTD) is expressed in cultured 
insect cells it forms fiber-like structures within the cell cytoplasm (Huemmerich et al., 
2004b).  When the Cys residue of its CTD is changed to Ser (precluding disulfide bond 
formation) the fibers can still form, but when the CTD is deleted entirely or when the Cys 
is mutated to an Arg they do not (Ittah et al., 2006; Ittah et al., 2007).  Similarly, a Cys to 
Ser mutation in Ea.MaSp1-(Rn-CTD) does not impede its ability to form fibers under 
shear nor does it affect the mechanical strength of those fibers (Grip et al., 2009). 
It has been suggested that MaSp-CTD may also be shear-responsive even in the 
absence of MaSp-Rn.  When ADF3-CTD is vigorously shaken (900 RPM) its structure 
unfolds as indicated by changes in CD spectra and increased binding of ANS (a 
fluorescent indicator of protein unfolding) (Hagn et al., 2010).  However, this unfolding 
occurs gradually over a period of about 24 hours and no other proteins (e.g., BSA) are 
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presented as controls to show that this behavior is specific to MaSp-CTD.  Other 
hypotheses on MaSp-CTD function include: stabilization of MaSp-Rn to prevent 
inappropriate aggregation, formation of a spidroin micelle polar surface, and recruitment 
of chaperones during protein synthesis (Hagn et al., 2010; Jin et al., 2003; Lin et al., 
2009; Challis et al., 2006).  However, there is little or no evidence supporting these 
hypotheses.  Similar to the repeat domains, MaSp-CTD are generally unresponsive to 
changes in pH (Hedhammar et al., 2008; Huemmerich et al., 2004a; Exler et al., 2007). 
The N-terminal domain (MaSp-NTD)- 
Only two studies on Ea.MaSp1-NTD and the research presented in this 
dissertation (Chapter 3) are informative towards the functional significance of MaSp-
NTD (Hedhammar et al., 2008; Askarieh et al., 2010).  Most notably, MaSp-NTD is 
highly pH-responsive.  When Ea.MaSp1-NTD is shifted from pH 7.0 to 6.0, its tertiary 
conformation changes (as indicated by a change in the fluorescence at its single Trp 
residue).  When exposed to shear, Ea.MaSp1-(NTD-Rn-CTD) forms macroscopic fibers 
more quickly than Ea.MaSp1-(Rn-CTD) at pH 6.0 indicating that the pH-dependent 
conformation change is associated with promoting fiber assembly.  In contrast, at pH 7.0 
Ea.MaSp1-(NTD-Rn-CTD) forms fibers more slowly than Ea.MaSp1-(Rn-CTD) 
suggesting that MaSp-NTD may also act to prevent premature fiber assembly during 
spidroin storage.  In other words, MaSp-NTD senses the pH gradient within the duct and 
regulates spidroin assembly accordingly.  Addition of 300 mM NaCl abolishes the pH-
dependent conformation and assembly kinetics changes of Ea.MaSp1-(NTD-Rn-CTD).  It 
was also found by dynamic light scattering (DLS) that Ea.MaSp1-NTD aggregates into 
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assemblies of about 800 nm in diameter when pH is dropped to around pH 6.  However, 
this apparent aggregation is in disagreement with the research presented in Chapter 3, and 
possible explanations for the discrepancy will be discussed in that chapter. 
Much like MaSp-CTD, the homo-dimeric association of MaSp-NTD may allow it 
to coordinate the assembly of the MaSp-Rn domain.  The crystal structure of dimeric 
Ea.MaSp1-NTD at neutral pH has been solved (Askarieh et al., 2010).  The dimer is 
symmetric with an anti-parallel orientation such that the N-terminus of one monomer is 
proximal to the C-terminus of the other monomer and vice versa.  The core of the subunit 
interface is mainly hydrophobic (~70% by area).  At the periphery of the interface, a 
positively charged and a negatively charged patch on one subunit interact with the 
cognate negative and positive patches on the other subunit, respectively.  Homology 
mapping the amino acids of other sequenced MaSp-NTDs onto Ea.MaSp1-NTD structure 
indicates that the same positive and negative patches are present in all cases.  
Conservation mapping shows that sites at the interface tend to be highly conserved 
among MaSp-NTDs, especially helix 3 which is present at the center of the interface.  
The high conservation at the interface indicates that the dimeric nature of MaSp-NTD is 
central to its functional role. 
 
Efforts Towards Large-Scale Production of Spider Silks 
Silks have long been recognized for their impressive mechanical qualities.  The 
cocoon silks from moth species such as Bombyx mori (domesticated silkworm) have been 
used for textiles purposes for thousands of years.  Despite being considerably stronger 
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than moth silks, spider silks have not been extensively exploited by humans due to the 
difficulty in cultivating spiders that are carnivorous and tend to be aggressively territorial.  
Another hurdle to spider silk cultivation is that spiders produce only small quantities of 
silk (i.e,. less than 1 mg per day) (Seidel et al., 1998).  Ironically, the impressive qualities 
that make spider silk desirable to humans also make it possible for spiders to make due 
with very thin threads causing them to produce such undesirably small amounts of silk 
from a cultivation perspective. 
There are many potential applications for spider silks if they could be produced in 
adequate quantities.  The most prominent area of utility is in the construction of 
biomedical implants.  Spider silks are biocompatible, autoclavable, and biodegradable 
over the time span of several months (Hedhammar et al., 2010; Leal-Egana et al., 2010).  
Their impressive balance of tensile strength and elasticity may make them useful 
components in replacement tendons or ligaments.  Silk reconstituted into porous matrices 
could be used as intervertebral disks, and silk dried into films could be used as basement 
membrane for epithelial cells. 
Most promising of all is silk’s potential to be used as a bio-active scaffold for 
tissue engineering.  The silk protein can be genetically or chemically modified to include 
a cellular signaling unit (examples: an RGD motif for cellular adhesion, a cell 
differentiation hormone, or a growth hormone), and cells can optionally be seeded on this 
scaffold in vitro prior to implantation.  In one study, human bone marrow-derived 
mesenchymal stem cells (hMSCs) were grown on regenerated silkworm silks decorated 
with bone morphogenic protein 2 (BMP-2) (Li et al., 2006).  While cells will proliferate 
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on silk alone, addition on BMP-2 increased markers of osteogenic differentiation and 
increased hydroxyapatite deposition rates.  These cell-seeded silk tissue scaffolds were 
implanted into mice with bone defects for a period of 5 weeks (Meinel et al., 2005).  The 
results showed that significant bone formation had occurred. 
Another potential area of utility is in ultra-light materials for aeronautic and space 
exploration purposes.  Since spider silk is several times stronger than steel per unit mass, 
an air or space craft constructed of a silk-inspired material could have an extremely 
favorable thrust-to-mass ratio.  Needless to say, very large quantities of this silk-like 
material would be required for such applications. 
 
Expression and purification from biological hosts: 
In order to produce adequate amounts of spider silk protein as substrate for the 
applications described above, researchers have explored numerous expression platforms, 
including microbial cultures (E. coli, Salmonella typhimurium, and  Pichia pastoris), 
cultured insect and mammalian cells, transgenic plants (Arabidopsis thaliana, Solanum 
tuberosum, and Nicotiana tobacum), and transgenic animals (B. mori, mice, and goats), 
as reviewed in Rising et al. (Rising et al., 2010).   The majority of these studies use 
constructs consisting of only a MaSp-Rn domain of 4 to 30 repeat units long, but in some 
cases MaSp-(Rn-CTD) constructs are also expressed.  Similarly, the great majority are 
based on MaSp1 sequences, but a few have also included MaSp2 sequences.  Only one 
research group has expressed a MaSp-(NTD-Rn-CTD) construct, but it included only 4 
repeat units (Askarieh et al., 2010).  In some cases the constructs are 3’ end cDNAs, but 
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for most the repeat domain is assembled from synthetic oligonucleotides and 
multimerized through successive rounds of in vitro doublings by recombinant DNA 
methods. 
There are several common hurdles to expression of large and complete silk genes.  
During construct assembly, bacterial plasmid hosts often will not tolerate the repetitive 
nature of MaSp-Rn DNA above a certain threshold, and partial deletions of MaSp-Rn are 
not uncommon.  When the silk construct is transcribed, the high GC content of MaSp-Rn 
can allow mRNA secondary structures to form that impair translation.  Since MaSp-Rn is 
not only repetitive, but also predominantly composed of Gly and Ala, this can lead to a 
severe depletion of specific tRNA pools during protein synthesis which can cause 
translational halting.  This tRNA depletion is commonly mitigated by codon optimization 
of the MaSp-Rn domain to match the expression host’s codon bias. 
In general, it appears that eukaryotic expression hosts are better able to express 
the repetitive silk proteins.  When a MaSp1-Rn construct was expressed by Fahnestock 
and Irwin in E. coli it exhibited considerable translational halting during protein synthesis 
in addition to some genetic deletions (Fahnestock et al., 1997b).  However, when the 
same MaSp1-Rn was transferred to Pichia pastoris or Arabidopsis thaliana the 
translational halting and genetic instability issues were resolved (Fahnestock et al., 
1997a; Yang et al., 2005).  This is not universally true, however, as demonstrated by Xia 
et al. (2010) where an Nc.MaSp1-Rn of 96 repeats with a MW of 285 kDa 
(approximately native spidroin size) was expressed in E. coli cells (Xia et al., 2010).  The 
difficulty of tRNA depletion was effectively circumvented by over-expressing the tRNAs 
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for the two most frequently used Gly codons in the silk gene and over-expressing a Gly 
biosynthesis gene (GlyA).  These metabolic engineering approaches increased expression 
of Nc.MaSp1-Rn with 96 repeats by 10- to 35-fold. 
 
Synthetic analogs of silks: 
Through conscientious construct design, appropriate host selection, and metabolic 
engineering, recombinant methods of spidroin production can satisfy demand for spider 
silk on a medium-scale (grams to kilograms of material).  While this may be sufficient for 
limited production of bio-medical implants, the labor intensive nature of expression in 
and purification from biological systems is cost prohibitive on larger scales.  To produce 
silk-inspired polymers on an industrial scale (kilograms to metric tons), efforts have been 
made toward generating chemical analogs which recapitulate the functional components 
and assembly principles of spider silks.  Several research groups have laid the 
groundwork in this area by chemically synthesizing block co-polymers with functional 
modules similar to the glycine-rich flexible regions and β-sheet forming poly-alanine 
regions characteristic of MaSp-Rn (Zhou et al., 2006; Sinaga et al., 2007; Rathore et al., 
2001).  The individual modules are efficiently polymerized, and therefore do not suffer 
from the constraints on construct length which remain a challenge for recombinant 
proteins.  Silk-like chemical analogs are further advantaged in the diversity of possible 
side-chains structures that could not be accomplished in a biological system.  Naturally, 
bio-degradability is not desirable for space craft or other ultra-light vehicles, so silk-like 
polymers can be tailored to emphasize stability and structural integrity through covalent 
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polymer cross-linking.  The very preliminary silk-like polymers currently being made do 
not yet incorporate features of MaSp-NTD or MaSp-CTD.  Once the function and 
mechanism of action of these critical domains is elucidated, perhaps these too could be 
substituted as chemical analogs of similar function to enhance the assembly dynamics of 




Askarieh G, Hedhammar M, Nordling K, Saenz A, Casals C, Rising A, Johansson J, 
Knight SD. 2010. Self-assembly of spider silk proteins is controlled by a pH-
sensitive relay. Nature 465:236-238. 
Augsten K, Muhlig P, Herrmann C. 2000. Glycoproteins and skin-core structure in 
Nephila clavipes spider silk observed by light and electron microscopy. Scanning 
22:12-15. 
Ayoub NA, Garb JE, Tinghitella RM, Collin MA, Hayashi CY. 2007. Blueprint for a 
high-performance biomaterial: full-length spider dragline silk genes. PLoS ONE 
2:e514. 
Ayoub NA, Hayashi CY. 2008. Multiple recombining loci encode MaSp1, the primary 
constituent of dragline silk, in widow spiders (Latrodectus : Theridiidae). 
Molecular Biology and Evolution 25:277-286. 
Beckwitt R, Arcidiacono S. 1994. Sequence conservation in the C-terminal region of 
spider silk proteins (Spidroin) from Nephila clavipes (Tetragnathidae) and 
Araneus bicentenarius (Araneidae). J Biol Chem 269:6661-6663. 
Beckwitt R, Arcidiacono S, Stote R. 1998. Evolution of repetitive proteins: spider silks 
from Nephila clavipes (Tetragnathidae) and Araneus bicentenarius (Araneidae). 
Insect Biochemistry and Molecular Biology 28:121-130. 
Bell AL, Peakall DB. 1969. Changes in Fine Structure during Silk Protein Production in 
Ampullate Gland of Spider Araneus Sericatus. Journal of Cell Biology 42:284-&. 
Bell JR, Bohan DA, Shaw EM, Weyman GS. 2005. Ballooning dispersal using silk: 
world fauna, phylogenies, genetics and models. Bulletin of Entomological 
Research 95:69-114. 
   52 
Berg J, Tymoczko J, Stryer L. 2002. Biochemistry. 
Bini E, Knight DP, Kaplan DL. 2004. Mapping domain structures in silks from insects 
and spiders related to protein assembly. Journal of Molecular Biology 335:27-40. 
Blackledge TA, Hayashi CY. 2006. Unraveling the mechanical properties of composite 
silk threads spun by cribellate orb-weaving spiders. Journal of Experimental 
Biology 209:3131-3140. 
Blackledge TA, Scharff N, Coddington JA, Szuts T, Wenzel JW, Hayashi CY, Agnarsson 
I. 2009. Reconstructing web evolution and spider diversification in the molecular 
era. Proceedings of the National Academy of Sciences of the United States of 
America 106:5229-5234. 
Blasingame E, Tuton-Blasingame T, Larkin L et al. 2009. Pyriform Spidroin 1, a Novel 
Member of the Silk Gene Family That Anchors Dragline Silk Fibers in 
Attachment Discs of the Black Widow Spider, Latrodectus hesperus. Journal of 
Biological Chemistry 284:29097-29108. 
Boutry C, Blackledge TA. 2008. The Common House Spider Alters the Material and 
Mechanical Properties of Cobweb Silk in Response to Different Prey. Journal of 
Experimental Zoology Part a-Ecological Genetics and Physiology 309A:542-552. 
Breslauer DN, Lee LP, Muller SJ. 2009. Simulation of Flow in the Silk Gland. 
Biomacromolecules 10:49-57. 
Brooks AE, Steinkraus HB, Nelson SR, Lewis RV. 2005. An investigation of the 
divergence of major ampullate silk fibers from Nephila clavipes and Argiope 
aurantia. Biomacromolecules 6:3095-3099. 
Candelas GC, Arroyo G, Carrasco C, Dompenciel R. 1990. Spider Silk Glands Contain a 
Tissue-Specific Alanine Transfer-Rna That Accumulates Invitro in Response to 
the Stimulus for Silk Protein-Synthesis. Developmental Biology 140:215-220. 
Candelas GC, Cintron J. 1981. A spider fibroin and its synthesis. J. Exp. Zool.:1-6. 
Casem ML, Tran LPP, Moore AMF. 2002. Ultrastructure of the major ampullate gland of 
the black widow spider, Latrodectus hesperus. Tissue & Cell 34:427-436. 
Challis RJ, Goodacre SL, Hewitt GM. 2006. Evolution of spider silks: conservation and 
diversification of the C-terminus. Insect Molecular Biology 15:45-56. 
Chen X, Huang YF, Shao ZZ, Huang Y, Zhou P, Knight DP, Vollrath F. 2004. Function 
of potassium in spinning process of spider Nephila. Chemical Journal of Chinese 
Universities-Chinese 25:1160-1163. 
   53 
Chen X, Knight DP, Vollrath F. 2002. Rheological characterization of nephila spidroin 
solution. Biomacromolecules 3:644-648. 
Chinali A, Vater W, Rudakoff B, Sponner A, Unger E, Grosse F, Guehrs KH, Weisshart 
K. 2010. Containment of Extended Length Polymorphisms in Silk Proteins. 
Journal of Molecular Evolution 70:325-338. 
Craig CL. 1997. Evolution of arthropod silks. Annual Review of Entomology 42:231-
267. 
Dicko C, Kenney JM, Knight D, Vollrath F. 2004a. Transition to a beta-sheet-rich 
structure in spidroin in vitro: The effects of pH and cations. Biochemistry 
43:14080-14087. 
Dicko C, Kenney JM, Vollrath F. 2006. beta-silks: Enhancing and controlling 
aggregation. Fibrous Proteins: Amyloids, Prions and Beta Proteins 73:17-+. 
Dicko C, Knight D, Kenney JM, Vollrath F. 2004b. Secondary structures and 
conformational changes in flagelliform, cylindrical, major, and minor ampullate 
silk proteins. Temperature and concentration effects. Biomacromolecules 5:2105-
2115. 
Dicko C, Knight D, Kenney JM, Vollrath F. 2004c. Structural conformation of spidroin 
in solution: a synchrotron radiation circular dichroism study. Biomacromolecules 
5:758-767. 
Dicko C, Vollrath F, Kenney JM. 2004d. Spider silk protein refolding is controlled by 
changing pH. Biomacromolecules 5:704-710. 
Dong ZY, Lewis RV, Middaugh CR. 1991. Molecular Mechanism of Spider Silk 
Elasticity. Archives of Biochemistry and Biophysics 284:53-57. 
Eisoldt L, Hardy JG, Heim M, Scheibel TR. 2010. The role of salt and shear on the 
storage and assembly of spider silk proteins. J Struct Biol 170:413-419. 
Eles PT, Michal CA. 2004. Strain dependent local phase transitions observed during 
controlled supercontraction reveal mechanisms in spider silk. Macromolecules 
37:1342-1345. 
Exler JH, Hummerich D, Scheibel T. 2007. The amphiphilic properties of spider silks are 
important for spinning. Angewandte Chemie-International Edition 46:3559-3562. 
Fahnestock SR, Bedzyk LA. 1997a. Production of synthetic spider dragline silk protein in 
Pichia pastoris. Applied Microbiology and Biotechnology 47:33-39. 
   54 
Fahnestock SR, Irwin SL. 1997b. Synthetic spider dragline silk proteins and their 
production in Escherichia coli. Applied Microbiology and Biotechnology 47:23-
32. 
Fischer E. 1907. Hoppe-Seyler’s Z. Physiol. Chem. 53:440. 
Frische S, Maunsbach AB, Vollrath F. 1998. Elongate cavities and skin-core structure in 
Nephila spider silk observed by electron microscopy. Journal of Microscopy-
Oxford 189:64-70. 
Gaines WA, Marcotte WR, Jr. 2008. Identification and characterization of multiple 
Spidroin 1 genes encoding major ampullate silk proteins in Nephila clavipes. 
Insect Mol Biol 17:465-474. 
Gatesy J, Hayashi C, Motriuk D, Woods J, Lewis R. 2001. Extreme diversity, 
conservation, and convergence of spider silk fibroin sequences. Science 
291:2603-2605. 
Gillespie DB, Viney C, Yager P. 1994. Raman-Spectroscopic Analysis of the Secondary 
Structure of Spider Silk Fiber. Silk Polymers 544:155-167. 
Gould SAC, Tran KT, Spagna JC, Moore AMF, Shulman JB. 1999. Short and long range 
order of the morphology of silk from Latrodectus hesperus (Black Widow) as 
characterized by atomic force microscopy. International Journal of Biological 
Macromolecules 24:151-157. 
Grip S, Johansson J, Hedhammar M. 2009. Engineered disulfides improve mechanical 
properties of recombinant spider silk. Protein Science 18:1012-1022. 
Grubb DT, Jelinski LW. 1997. Fiber morphology of spider silk: The effects of tensile 
deformation. Macromolecules 30:2860-2867. 
Hagn F, Eisoldt L, Hardy JG, Vendrely C, Coles M, Scheibel T, Kessler H. 2010. A 
conserved spider silk domain acts as a molecular switch that controls fibre 
assembly. Nature 465:239-242. 
Hardy JG, Romer LM, Scheibel TR. 2008. Polymeric materials based on silk proteins. 
Polymer 49:4309-4327. 
Hayashi CY, Blackledge TA, Lewis RV. 2004. Molecular and mechanical 
characterization of aciniform silk: uniformity of iterated sequence modules in a 
novel member of the spider silk fibroin gene family. Mol Biol Evol 21:1950-
1959. 
   55 
Hayashi CY, Lewis RV. 1998. Evidence from flagelliform silk cDNA for the structural 
basis of elasticity and modular nature of spider silks. J Mol Biol 275:773-784. 
Hayashi CY, Lewis RV. 2001. Spider flagelliform silk: lessons in protein design, gene 
structure, and molecular evolution. Bioessays 23:750-756. 
Hayashi CY, Shipley NH, Lewis RV. 1999. Hypotheses that correlate the sequence, 
structure, and mechanical properties of spider silk proteins. Int J Biol Macromol 
24:271-275. 
Hayashi CY, Swanson BO, Blackledge TA, Summers AP. 2005. Evolution of the 
material properties of spider dragline silk. Integrative and Comparative Biology 
45:1009-1009. 
Hedhammar M, Bramfeldt H, Baris T, Widhe M, Askarieh G, Nordling K, von Aulock S, 
Johansson J. 2010. Sterilized Recombinant Spider Silk Fibers of Low 
Pyrogenicity. Biomacromolecules 11:953-959. 
Hedhammar M, Rising A, Grip S, Martinez AS, Nordling K, Casals C, Stark M, 
Johansson J. 2008. Structural Properties of Recombinant Nonrepetitive and 
Repetitive Parts of Major Ampullate Spidroin 1 from Euprosthenops australis: 
Implications for Fiber Formation. Biochemistry 47:3407-3417. 
Heim M, Ackerschott CB, Scheibel T. 2010. Characterization of recombinantly produced 
spider flagelliform silk domains. Journal of Structural Biology 170:420-425. 
Heim M, Keerl D, Scheibel T. 2009. Spider Silk: From Soluble Protein to Extraordinary 
Fiber. Angewandte Chemie-International Edition 48:3584-3596. 
Higgins LE, White S, Nunez-Farfan J, Vargas J. 2007. Patterns of variation among 
distinct alleles of the Flag silk gene from Nephila clavipes. International Journal 
of Biological Macromolecules 40:201-216. 
Hijirida DH, Do KG, Michal C, Wong S, Zax D, Jelinski LW. 1996. 13C NMR of 
Nephila clavipes major ampullate silk gland. Biophys J 71:3442-3447. 
Hinman MB, Lewis RV. 1992. Isolation of a clone encoding a second dragline silk 
fibroin. Nephila clavipes dragline silk is a two-protein fiber. J Biol Chem 
267:19320-19324. 
Holl A, Henze M. 1988. Pigmentary constituents of yellow threads of Nephila webs. C. 
R. XI Coll. Eur. Arachnol 38:350. 
Holland C, Terry AE, Porter D, Vollrath F. 2007. Natural and unnatural silks. Polymer 
48:3388-3392. 
   56 
Holland GP, Jenkins JE, Creager MS, Lewis RV, Yarger JL. 2008. Solid-state NMR 
investigation of major and minor ampullate spider silk in the native and hydrated 
states. Biomacromolecules 9:651-657. 
Hronska M, van Beek JD, Williamson PTF, Vollrath F, Meier BH. 2004. NMR 
characterization of native liquid spider dragline silk from Nephila edulis. 
Biomacromolecules 5:834-839. 
Hu X, Vasanthavada K, Kohler K, McNary S, Moore AMF, Vierra CA. 2006. Molecular 
mechanisms of spider silk. Cellular and Molecular Life Sciences 63:1986-1999. 
Hu XY, Yuan J, Wang XD, Vasanthavada K, Falick AM, Jones PR, La Mattina C, Vierra 
CA. 2007. Analysis of aqueous glue coating proteins on the silk fibers of the cob 
weaver, Latrodectus hesperus. Biochemistry 46:3294-3303. 
Huemmerich D, Helsen CW, Quedzuweit S, Oschmann J, Rudolph R, Scheibel T. 2004a. 
Primary structure elements of spider dragline silks and their contribution to 
protein solubility. Biochemistry 43:13604-13612. 
Huemmerich D, Scheibel T, Vollrath F, Cohen S, Gat U, Ittah S. 2004b. Novel assembly 
properties of recombinant spider dragline silk proteins. Current Biology 14:2070-
2074. 
Ittah S, Barak N, Gat U. 2010. A Proposed Model for Drag line Spider Silk Self-
Assembly: Insights from the Effect of the Repetitive Domain Size on Fiber 
Progenies. Biopolymers 93:458-468. 
Ittah S, Cohen S, Garty S, Cohn D, Gat U. 2006. An essential role for the C-terminal 
domain of a dragline spider silk protein in directing fiber formation. 
Biomacromolecules 7:1790-1795. 
Ittah S, Michaeli A, Goldblum A, Gat U. 2007. A model for the structure of the C-
terminal domain of dragline spider silk and the role of its conserved cysteine. 
Biomacromolecules 8:2768-2773. 
Izdebski T, Akhenblit P, Jenkins JE, Yarger JL, Holland GP. 2010. Structure and 
Dynamics of Aromatic Residues in Spider Silk: 2D Carbon Correlation NMR of 
Dragline Fibers. Biomacromolecules 11:168-174. 
Jin HJ, Kaplan DL. 2003. Mechanism of silk processing in insects and spiders. Nature 
424:1057-1061. 
Kenney JM, Knight D, Wise MJ, Vollrath F. 2002. Amyloidogenic nature of spider silk. 
European Journal of Biochemistry 269:4159-4163. 
   57 
Kerkam K, Viney C, Kaplan D, Lombardi S. 1991. Liquid Crystallinity of Natural Silk 
Secretions. Nature 349:596-598. 
Keten S, Xu ZP, Ihle B, Buehler MJ. 2010. Nanoconfinement controls stiffness, strength 
and mechanical toughness of beta-sheet crystals in silk. Nature Materials 9:359-
367. 
Knight D, Vollrath F. 1999a. Hexagonal columnar liquid crystal in the cells secreting 
spider silk. Tissue & Cell 31:617-620. 
Knight DP, Knight MM, Vollrath F. 2000. Beta transition and stress-induced phase 
separation in the spinning of spider dragline silk. Int J Biol Macromol 27:205-
210. 
Knight DP, Vollrath F. 1999b. Liquid crystals and flow elongation in a spider's silk 
production line. Proceedings of the Royal Society of London Series B-Biological 
Sciences 266:519-523. 
Knight DP, Vollrath F. 2001a. Changes in element composition along the spinning duct 
in a Nephila spider. Naturwissenschaften 88:179-182. 
Knight DP, Vollrath F. 2001b. Comparison of the spinning of Selachian egg case ply 
sheets and orb web spider dragline filaments. Biomacromolecules 2:323-334. 
Kojic N, Bico J, Clasen C, McKinley GH. 2006. Ex vivo rheology of spider silk. Journal 
of Experimental Biology 209:4355-4362. 
Kummerlen J, van Beek JD, Vollrath F, Meier BH. 1996. Local structure in spider 
dragline silk investigated by two-dimensional spin-diffusion nuclear magnetic 
resonance. Macromolecules 29:2920-2928. 
La Mattina C, Reza R, Hu X, Falick AM, Vasanthavada K, McNary S, Yee R, Vierra CA. 
2008. Spider minor ampullate silk proteins are constituents of prey wrapping silk 
in the cob weaver Latrodectus hesperus. Biochemistry 47:4692-4700. 
Lammel A, Schwab M, Slotta U, Winter G, Scheibel T. 2008. Processing conditions for 
the formation of spider silk microspheres. Chemsuschem 1:413-416. 
Lamoral BH. 1968. On the species of the genus Desis Walckenaer, 1837 (Araneae: 
Amaurobiidae) found on the rocky shores of South Africa and south west Africa. 
An. Natal Mus. 20:139-150. 
Lawrence BA, Vierra CA, Mooref AMF. 2004. Molecular and mechanical properties of 
major ampullate silk of the black widow spider, Latrodectus hesperus. 
Biomacromolecules 5:689-695. 
   58 
Leal-Egana A, Scheibel T. 2010. Silk-based materials for biomedical applications. 
Biotechnology and Applied Biochemistry 55:155-167. 
Lefevre T, Boudreault S, Cloutier C, Pezolet M. 2008. Conformational and orientational 
transformation of silk proteins in the major ampullate gland of Nephila clavipes 
spiders. Biomacromolecules 9:2399-2407. 
Lefevre T, Leclerc J, Rioux-Dube JF et al. 2007. Conformation of spider silk proteins in 
situ in the intact major ampullate gland and in solution. Biomacromolecules 
8:2342-2344. 
Lewis RV. 2006. Spider silk: ancient ideas for new biomaterials. Chem Rev 106:3762-
3774. 
Li C, Vepari C, Jin HJ, Kim HJ, Kaplan DL. 2006. Electrospun silk-BMP-2 scaffolds for 
bone tissue engineering. Biomaterials 27:3115-3124. 
Li SFY, Mcghie AJ, Tang SL. 1994. New Internal Structure of Spider Dragline Silk 
Revealed by Atomic-Force Microscopy. Biophysical Journal 66:1209-1212. 
Lin Z, Huang WD, Zhang JF, Fan JS, Yang DW. 2009. Solution structure of eggcase silk 
protein and its implications for silk fiber formation. Proceedings of the National 
Academy of Sciences of the United States of America 106:8906-8911. 
Liu Y, Shao ZZ, Vollrath F. 2008a. Elasticity of spider silks. Biomacromolecules 9:1782-
1786. 
Liu Y, Sponner A, Porter D, Vollrath F. 2008b. Proline and processing of spider silks. 
Biomacromolecules 9:116-121. 
Madsen B, Vollrath F. 2000. Mechanics and morphology of silk drawn from anesthetized 
spiders. Naturwissenschaften 87:148-153. 
Martinez L, Almagro JC, Coll JL, Herrera RJ. 2004. Sequence variability in the fibroin-H 
intron of domesticated and wild silk moths. Insect Biochemistry and Molecular 
Biology 34:343-352. 
Meinel L, Fajardo R, Hofmann S, Langer R, Chen J, Snyder B, Vunjak-Novakovic G, 
Kaplan D. 2005. Silk implants for the healing of critical size bone defects. Bone 
37:688-698. 
Michal CA, Simmons AH, Chew BG, Zax DB, Jelinski LW. 1996. Presence of 
phosphorus in Nephila clavipes dragline silk. Biophys J 70:489-493. 
   59 
Motriuk-Smith D, Smith A, Hayashi CY, Lewis RV. 2005. Analysis of the conserved N-
terminal domains in major ampullate spider silk proteins. Biomacromolecules 
6:3152-3159. 
Peng XN, Shao ZZ, Chen X, Knight DP, Wu PY, Vollrath F. 2005. Further investigation 
on potassium-induced conformation transition of Nephila spidroin film with two-
dimensional infrared correlation spectroscopy. Biomacromolecules 6:302-308. 
Perez-Rigueiro J, Elices M, Plaza G, Real JI, Guinea GV. 2005. The effect of spinning 
forces on spider silk properties. Journal of Experimental Biology 208:2633-2639. 
Perez-Rigueiro J, Elices M, Plaza GR, Guinea GV. 2007. Similarities and differences in 
the supramolecular organization of silkworm and spider silk. Macromolecules 
40:5360-5365. 
Plazaola A, Candelas GC. 1991. Stimulation of Fibroin Synthesis Elicits Ultrastructural 
Modifications in Spider Silk Secretory-Cells. Tissue & Cell 23:277-284. 
Porter D, Vollrath F. 2009. Silk as a Biomimetic Ideal for Structural Polymers. Advanced 
Materials 21:487-492. 
Rammensee S, Huemmerich D, Hermanson KD, Scheibel T, Bausch AR. 2006. 
Rheological characterization of hydrogels formed by recombinantly produced 
spider silk. Applied Physics a-Materials Science & Processing 82:261-264. 
Rammensee S, Slotta U, Scheibel T, Bausch AR. 2008. Assembly mechanism of 
recombinant spider silk proteins. Proc Natl Acad Sci U S A 105:6590-6595. 
Rathore O, Sogah DY. 2001. Self-assembly of beta-sheets into nanostructures by 
poly(alanine) segments incorporated in multiblock copolymers inspired by spider 
silk. Journal of the American Chemical Society 123:5231-5239. 
Rising A, Hjalm G, Engstrom W, Johansson J. 2006. N-terminal nonrepetitive domain 
common to dragline, flagelliform, and cylindriform spider silk proteins. 
Biomacromolecules 7:3120-3124. 
Rising A, Johansson J, Larson G, Bongcam-Rudloff E, Engstroem W, Hjalmt G. 2007. 
Major ampullate spidroins from Euprosthenops australis: multiplicity at protein, 
mRNA and gene levels. Insect Molecular Biology 16:551-561. 
Rising A, Nimmervoll H, Grip S, Fernandez-Arias A, Storckenfeldt E, Knight DP, 
Vollrath F, Engstrom W. 2005a. Spider silk proteins--mechanical property and 
gene sequence. Zoolog Sci 22:273-281. 
   60 
Rising A, Nimmervoll H, Grip S, Fernandez-Arias A, Storckenfeldt E, Knight DP, 
Vollrath F, Engstrom W. 2005b. Spider silk proteins - Mechanical property and 
gene sequence. Zoological Science 22:273-281. 
Rising A, Widhe M, Johansson J, Hedhammar M. 2010. Spider silk proteins: recent 
advances in recombinant production, structure-function relationships and 
biomedical applications. Cell Mol Life Sci. 
Romer L, Scheibel T. 2008. The elaborate structure of spider silk Structure and function 
of a natural high performance fiber. Prion 2:154-161. 
Rousseau ME, Cruz DH, West MM, Hitchcock AP, Pezolet M. 2007. Nephila clavipes 
spider dragline silk microstructure studied by scanning transmission X-ray 
microscopy. Journal of the American Chemical Society 129:3897-3905. 
Schulz S. 2001. Composition of the silk lipids of the spider Nephila clavipes. Lipids 
36:637-647. 
Seidel A, Liivak O, Jelinski LW. 1998. Artificial spinning of spider silk. Macromolecules 
31:6733-6736. 
Shao Z, Vollrath F, Sirichaisit J, Young RJ. 1999a. Analysis of spider silk in native and 
supercontracted states using Raman spectroscopy. Polymer 40:2493-2500. 
Shao ZZ, Vollrath F, Yang Y, Thogersen HC. 2003. Structure and behavior of 
regenerated spider silk. Macromolecules 36:1157-1161. 
Shao ZZ, Young RJ, Vollrath F. 1999b. The effect of solvents on spider silk studied by 
mechanical testing and single-fibre Raman spectroscopy. International Journal of 
Biological Macromolecules 24:295-300. 
Shi JH, Lua SX, Du N, Liu XY, Song JX. 2008. Identification, recombinant production 
and structural characterization of four silk proteins from the Asiatic honeybee 
Apis cerana. Biomaterials 29:2820-2828. 
Simmons A, Ray E, Jelinski LW. 1994. Solid-State C-13 Nmr of Nephila-Clavipes 
Dragline Silk Establishes Structure and Identity of Crystalline Regions. 
Macromolecules 27:5235-5237. 
Simmons AH, Michal CA, Jelinski LW. 1996. Molecular orientation and two-component 
nature of the crystalline fraction of spider dragline silk. Science 271:84-87. 
Sinaga A, Hatton TA, Tam KC. 2007. Hydrogen bonded assembly of poly(acrylic acid)-
block-poly(L-valine) in dilute solutions. Macromolecules 40:9064-9073. 
   61 
Slotta UK, Rammensee S, Gorb S, Scheibel T. 2008. An engineered spider silk protein 
forms microspheres. Angew Chem Int Ed Engl 47:4592-4594. 
Sponner A, Schlott B, Vollrath F, Unger E, Grosse F, Weisshart K. 2005a. 
Characterization of the protein components of Nephila clavipes dragline silk. 
Biochemistry 44:4727-4736. 
Sponner A, Unger E, Grosse F, Klaus W. 2005b. Differential polymerization of the two 
main protein components of dragline silk during fibre spinning. Nature Materials 
4:772-775. 
Sponner A, Vater W, Monajembashi S, Unger E, Grosse F, Weisshart K. 2007. 
Composition and Hierarchical Organisation of a Spider Silk. PLoS ONE 2:-. 
Stark M, Grip S, Rising A, Hedhammar M, Engstrom W, Hjalm G, Johansson J. 2007. 
Macroscopic fibers self-assembled from recombinant miniature spider silk 
proteins. Biomacromolecules 8:1695-1701. 
Sutherland TD, Young JH, Weisman S, Hayashi CY, Merritt DJ. 2010. Insect Silk: One 
Name, Many Materials. Annual Review of Entomology 55:171-188. 
Swanson BO, Blackledge TA, Beltran J, Hayashi CY. 2006. Variation in the material 
properties of spider dragline silk across species. Applied Physics a-Materials 
Science & Processing 82:213-218. 
Termonia Y. 1994. Molecular Modeling of Spider Silk Elasticity. Macromolecules 
27:7378-7381. 
Tso IM. 2004. The effect of food and silk reserve manipulation on decoration-building of 
Argiope aetheroides. Behaviour 141:603-616. 
Ulrich S, Glisovic A, Salditt T, Zippelius A. 2008. Diffraction from the beta -sheet 
crystallites in spider silk. European Physical Journal E 27:229-242. 
van Beek JD, Hess S, Vollrath F, Meier BH. 2002. The molecular structure of spider 
dragline silk: Folding and orientation of the protein backbone. Proceedings of the 
National Academy of Sciences of the United States of America 99:10266-10271. 
Vehoff T, Glisovic A, Schollmeyer H, Zippelius A, Salditt T. 2007. Mechanical 
properties of spider dragline silk: Humidity, hysteresis, and relaxation. 
Biophysical Journal 93:4425-4432. 
Vollrath F. 2010. Spider Silk: Evolution and 400 Million Years of Spinning, Waiting, 
Snagging, and Mating. Nature 466:319-319. 
   62 
Vollrath F, Knight DP. 1999. Structure and function of the silk production pathway in the 
Spider nephila edulis. International Journal of Biological Macromolecules 
24:243-249. 
Vollrath F, Knight DP. 2001a. Liquid crystalline spinning of spider silk. Nature 410:541-
548. 
Vollrath F, Knight DP, Hu XW. 1998. Silk production in a spider involves acid bath 
treatment. Proceedings of the Royal Society of London Series B-Biological 
Sciences 265:817-820. 
Vollrath F, Madsen B, Shao ZZ. 2001b. The effect of spinning conditions on the 
mechanics of a spider's dragline silk. Proceedings of the Royal Society of London 
Series B-Biological Sciences 268:2339-2346. 
Vollrath F, Porter D. 2006. Spider silk as archetypal protein elastomer. Soft Matter 
2:377-385. 
Weiskopf A, Senecal K, Vouros P, Kaplan D, Mello CM. 1996. The carbohydrate 
composition of a spider silk: Nephila clavipes Dragline. Glycobiology 6:1703-
1703. 
Willcox PJ, Gido SP, Muller W, Kaplan DL. 1996. Evidence of a cholesteric liquid 
crystalline phase in natural silk spinning processes. Macromolecules 29:5106-
5110. 
Work RW. 1977. Dimensions, Birefringences, and Force-Elongation Behavior of Major 
and Minor Ampullate Silk Fibers from Orb-Web-Spinning Spiders - Effects of 
Wetting on These Properties. Textile Research Journal 47:650-662. 
Xia XX, Qian ZG, Ki CS, Park YH, Kaplan DL, Lee SY. 2010. Native-sized recombinant 
spider silk protein produced in metabolically engineered Escherichia coli results 
in a strong fiber. Proceedings of the National Academy of Sciences of the United 
States of America 107:14059-14063. 
Xu M, Lewis RV. 1990. Structure of a protein superfiber: spider dragline silk. Proc Natl 
Acad Sci U S A 87:7120-7124. 
Yang JJ, Barr LA, Fahnestock SR, Liu ZB. 2005. High yield recombinant silk-like 
protein production in transgenic plants through protein targeting. Transgenic 
Research 14:313-324. 
Yuan B, Xu ZR, Xie ZJ, Shi Q, Zhang XK, Xu SC. 2010. X-Ray Fluorescence Spectrum 
Analysis of Chemical Element for Spider and Silkworm Silk and Its Applications. 
Spectroscopy and Spectral Analysis 30:1983-1989. 
   63 
Zhou CC, Leng BX, Yao JR, Qian J, Chen X, Zhou P, Knight DP, Shao ZZ. 2006. 
Synthesis and characterization of multiblock copolymers based on spider dragline 
silk proteins. Biomacromolecules 7:2415-2419. 
Zhou GQ, Shao ZZ, Knight DP, Yan JP, Chen X. 2009. Silk Fibers Extruded Artificially 
from Aqueous Solutions of Regenerated Bombyx mori Silk Fibroin are Tougher 
than their Natural Counterparts. Advanced Materials 21:366-370. 
Zhou L, Chen X, Shao ZZ, Huang YF, Knight DP. 2005. Effect of metallic ions on silk 
formation the mulberry silkworm, Bombyx mori. Journal of Physical Chemistry B 
109:16937-16945. 
 
   64 
CHAPTER 2 - IDENTIFICATION AND 
CHARACTERIZATION OF MULTIPLE SPIDROIN 1 
GENES ENCODING MAJOR AMPULLATE SILK 
PROTEINS IN NEPHILA CLAVIPES 
William A. Gaines, IV* and William R. Marcotte, Jr.*† 
*Department of Genetics and Biochemistry, Clemson University, Clemson, SC 29634 
†Department of Biological Sciences, Clemson University, Clemson, SC 29634 
Published: Insect Mol Biol 17:465-474. 
 
Abstract 
Spider dragline silk is primarily composed of proteins called major ampullate 
spidroins (MaSp) that consist of a large repeat array flanked by non-repetitive N- and C-
terminal domains.  Until recently, there has been little evidence for more than one gene 
encoding each of the two major spidroin silk proteins, MaSp1 and MaSp2.  Here, we 
report the deduced N-terminal domain sequences for two distinct MaSp1 genes from 
Nephila clavipes (MaSp1A and MaSp1B) and for MaSp2.  All three MaSp genes are co-
expressed in the major ampullate gland.  A search of the GenBank database also revealed 
two distinct MaSp1 C-terminal domain sequences.  Sequencing confirmed that both 
MaSp1 genes are present in all seven Nephila clavipes spiders examined.  The presence 
of nucleotide polymorphisms in these genes confirmed that MaSp1A and MaSp1B are 
distinct genetic loci and not merely alleles of the same gene.  We have experimentally 
determined the transcription start sites for all three MaSp genes and established 
preliminary pairing between the two MaSp1 N- and C-terminal domains.  Phylogenetic 
analysis of these new sequences and other published MaSp N- and C-terminal domain 
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Silks are highly-insoluble proteinaceous fibers produced by numerous species of 
insects and spiders.  Orb-weaving spiders (Araneidae) like Nephila clavipes can produce 
up to seven different types of silk that originate from different abdominal glands (Lewis, 
2006).  These fibers vary widely in mechanical properties and have evolved to 
accommodate specific needs of the spider.  The frame and radii of the web are made from 
dragline silk that exhibits appreciable elasticity and strength resulting in an incredibly 
tough fiber (Gosline et al., 1999).  Flagelliform silk is the most elastic of the silks and is 
used for the capture spiral of the web (Hayashi & Lewis 1998).  Aciniform silk is used 
for wrapping prey and while intermediate with respect to strength when compared to the 
weaker flagelliform and stronger dragline silks, it is superior to both in toughness 
(Blackledge & Hayashi, 2006). 
Among the different types of silks, dragline silk is the most well-studied.  Dragline 
silk is used not only to construct the outer frame and radii of the orb-shaped web but also 
as a hanging lifeline that allows the spider to evade and/or escape from predators.  The 
core constituents of dragline silk are two fibrous proteins produced in the major 
ampullate gland that are called major ampullate spidroins 1 and 2 (MaSp1 and MaSp2; 
Xu & Lewis, 1990; Hinman & Lewis, 1992; Sponner et al., 2005a).  These proteins are 
stored at high concentration in the lumen of the gland as a spinning dope (Hijirida et al., 
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1996).  When there is demand for dragline fiber, this spinning dope is drawn down a 
long, tapered duct in which there are documented changes in both pH and the ionic 
environment (Knight & Vollrath, 2001).  As the proteins traverse the length of the duct 
and emerge from the spinneret, these soluble spidroin proteins condense and 
assemble/transition into a highly organized, insoluble fiber (Knight et al., 2000). 
MaSp1 and MaSp2 are large proteins of about 250 to 350 kDa that share a general 
domain architecture (Sponner et al., 2005a; Ayoub et al., 2007).  Both proteins contain a 
large, central, repetitive domain that consists of approximately 100 tandem copies of a 30 
to 40 amino acid repeat sequence.  The consensus repeat sequences for both MaSp1 and 
MaSp2 are glycine-rich and end in poly-alanine motifs (usually four to seven residues 
long).  For MaSp1, the consensus repeat includes (GGX)n motifs (where X  = A, L, Q, or 
Y) and very low proline content.  In contrast, the MaSp2 consensus repeat has significant 
proline content and characteristic motifs such as GPG and QQ (Gatesy et al., 2001).  The 
repetitive domains of different spidroins display a relatively high level of amino acid 
sequence variation that has been implicated in providing the elasticity and toughness that 
is characteristic of the different fibers (Hayashi & Lewis, 1998; Hayashi et al., 1999; 
Rising et al., 2005). 
The repeat arrays of both MaSp1 and MaSp2 (and other spidroins) are flanked by 
non-repetitive N-terminal and C-terminal domains of approximately 150 and 100 amino 
acids, respectively.  The deduced C-terminal domain sequences of MaSp proteins have 
been known for almost two decades (Xu & Lewis, 1990; Hinman & Lewis, 1992).  
Functional studies using partial dragline silk spidroins have implicated the C-terminal 
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domain in the organized transition from a soluble spidroin solution to an insoluble fiber 
during spinning (Huemmerich et al., 2004; Sponner et al., 2005b; Ittah et al., 2006; Stark 
et al., 2007).  There is also a conserved cysteine residue in the C-terminal domain of most 
MaSp proteins that has been suggested to be important in assembly of the final fiber as a 
result of intermolecular cross-linking through disulfide bond formation (Sponner et al., 
2005a). 
In contrast, N-terminal domain MaSp sequences were not known until more recently 
due, at least in part, to difficulties in cloning and/or sequencing the large and highly-
repetitive spidroin genes and cDNAs (Motriuk-Smith et al., 2005).  Analysis of these 
sequences demonstrates that they are the most highly conserved domains of spidroins.  
The only biochemical characterization of this domain is a study on recombinant protein 
where circular dichroism (CD) spectroscopy confirmed the largely α-helical composition 
and size exclusion chromatography indicated homodimerization (Hedhammar et al., 
2008).  While a number of these reported sequences have been deduced from genomic 
DNA, it has allowed evaluation of the N-terminal domains for specific motifs that would 
support their authenticity.  One of these motifs, a signal peptide that would be consistent 
with secretion of spidroins into the duct, now appears to be a clearly recognized 
component of essentially all known N-terminal domains (Rising et al., 2006). 
Interestingly, the N-terminal and C-terminal domains found on mature spidroins are 
not only conserved between MaSp1 and MaSp2, but also among many silk types and 
spider species (Beckwitt & Arcidiacono, 1994; Hayashi et al., 2004; Rising et al., 2006).  
This suggests that despite their relatively small size, they play an important role for the 
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function of the silk.  Individual N- and C-terminal domains themselves bear little 
resemblance to each other except that they are both rich in serine (~13% for N-terminal 
and 23% for C-terminal) and both are predicted to exist as largely amphipathic α-helical 
secondary structures (Sponner et al., 2005b; Rising et al., 2006).  In both cases, this could 
be consistent with terminal globular domains resulting from the interaction of the 
amphipathic helices. 
To further our knowledge of N-terminal sequences of the major ampullate spidroins, 
we have isolated and characterized both genomic and cDNA sequences from N. clavipes.  
We report sequences that are consistent with those reported for other species, including 
the presence of a signal peptide for secretion.  Further, we present data that indicates not 
only the presence of multiple MaSp1 genes in the N. clavipes genome but also that both 
of these genes are expressed in individual major ampullate glands. 
 
Results 
Using a combination of degenerate primer PCR, inverse PCR and asymmetric PCR, 
we have determined genomic sequences present at the 5' ends of several genes from 
Nephila clavipes that encode MaSp proteins.  The areas sequenced included 
approximately the first four copies of the spidroin repeat array and similarity of the 
deduced amino acid sequences to previously reported spidroin proteins has allowed us to 
define them as spidroin 1 (MaSp1) or spidroin 2 (MaSp2).  As can be seen in Figure 2.1C 
(underlined), the first two sequences are particularly rich in (GGX)n motifs that are 
characteristic of MaSp1 but less common, and not tandemly repeated, in MaSp2 (Gatesy 
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et al., 2001).  The third sequence contains GPG and QQ motifs and a predominance of 
proline all of which are characteristic of MaSp2 but not MaSp1.  Interestingly, while the 
general repeat structure of the first two sequences resemble MaSp1, these sequences 
cannot be directly aligned suggesting that they may represent allelic variants or separate 
genes.  All three sequences contain poly-alanine motifs in the repeat structure, a 
characteristic of both MaSp1 and MaSp2.  Therefore, these three sequences will be 
referred to as Nephila clavipes MaSp1 variant A (MaSp1A), MaSp1B, and MaSp2. 
 
 
Figure 2.1  Sequences of N. clavipes MaSp1A, MaSp1B, MaSp2.  (A) 5’ 
nucleotide sequences from the TATA box (underlined) to the start codon 
(bold).  Predicted transcription start site (TSS) is marked by asterisk.  (B) 
Aligned translations of the MaSp N-terminal non-repetitive domains.  
Predicted signal peptide is boxed and predicted helices are highlighted.  
(C) Translations of the 5’ end of the repeat array.  GGX motifs (where X = 
Q, Y, L, A) are underlined, prolines are bold, and characteristic Sp2 motifs 
(GPG, GPS, QQ) are highlighted.  Note that the start codon in part A 
corresponds to the 1st amino acid of part B, and that the last amino acid 
shown in part B immediately precedes the 1st amino acid of part C.  
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Sequences have been submitted to GenBank under Accession Nos. 
EU599238, EU599239, EU599240, EU599241, EU599242 and 
EU599243. 
 
To determine if all three sequences are expressed in major ampullate glands and to 
establish the 5' ends of potential transcripts, we conducted 5' RLM-RACE on total RNA 
isolated from a single major ampullate gland (see Experimental Procedures for details; 
Maruyama & Sugano, 1994).  Complimentary DNA was reverse transcribed using a 
universal primer designed to anneal to all three MaSp sequences upstream of the repeat 
arrays.  Subsequent PCR was conducted with a primer that binds the RLM-RACE ribo-
oligonucleotide adaptor and a nested MaSp universal primer.  A single band at 
approximately 300 bp was produced from the experimental RNA sample that was treated 
with tobacco acid phosphatase (+TAP) but not from the -TAP control RNA sample 
(Figure 2.2) indicating that this product(s) was derived from a capped RNA.  RLM-
RACE products were isolated from the gel and cloned.  Sequence analysis confirmed that 
all three sequences were present in the single RLM-RACE band seen in Figure 2.2 
indicating that all were expressed in the single major ampullate gland from which the 
RNA template was isolated.  In addition, this analysis defined the 5' ends of the 
transcripts (asterisks in Figure 2.1A). 
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Figure 2.2  5’ RLM-RACE of MaSp-NTD using N. clavipes major 
ampullate gland RNA.  +TAP was treated with tobacco acid 
pyrophosphatase and -TAP was not.  The expected product size for all 3 
MaSp-NTD domains is ~300 bp.  Marker sizes are indicated on the left. 
 
We also determined approximately 350 bp of 5' flanking sequence for two of the 
three gene sequences (MaSp1A and MaSp2).  Evaluation of these regions with promoter 
prediction software identified a putative promoter in the 5' regions of both MaSp1A and 
MaSp2 (Reese, 2001).  This promoter contains a canonical TATA box 32 nt and 31 nt 
upstream from a predicted transcription start site in MaSp1A and MaSp2, respectively 
(Figure 2.1A).  The predicted start sites correspond exactly with those determined 
experimentally.  The 5' untranslated regions (UTRs) are short (27-28 nt) and the first 
ATG in the sequence has a local nucleotide context congruent with the Drosophila 
translation initiation consensus (i.e. Kozak site; Miyasaka, 2002).  This predicted 
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translation start site is consistent with the predicted translations of MaSp genes from 
other species (Motriuk-Smith et al., 2005; Rising et al., 2006). 
Comparison of the non-repetitive N-terminal domains encoded by these three 
sequences showed that MaSp1A and MaSp1B share 91% amino acid identity with each 
other while MaSp2 has ~72% identity with either MaSp1A or MaSp1B (Figure 2.1B).  
The differences among the three N-terminal domains are largely conservative amino acid 
substitutions.  Consistent with secretion of these proteins into the lumen of the major 
ampullate duct, analysis of the three MaSp protein sequences using SignalP predicts that 
the N-terminal 23-24 amino acids encode a signal peptide (Bendtsen et al., 2004).  
Additionally, secondary structure prediction suggests that the N-terminal regions between 
the signal peptide and repeat arrays are predominantly alpha-helix with ~60% of the 
amino acids participating in five helical structures (Figure 2.1B).  The identification of 
the signal peptide and the prediction of five helices are consistent with characterization of 
previously identified MaSp genes in other species (Motriuk-Smith et al., 2005; Rising et 
al., 2006). 
Having established that all three sequences are expressed in an individual spider, it 
was of interest to try to clarify if MaSp1A and MaSp1B sequences represent either allelic 
or splice variants of a single gene or are indeed distinct genes.  To do this, we isolated 
MaSp1A and MaSp1B genomic N-terminal sequences from seven adult N. clavipes 
females.  For each individual, genomic DNA was amplified using variant-specific 
primers, cloned into a plasmid vector and independent plasmids were sequenced.  The 
results are summarized in Table 2.1 and show that all seven individuals have copies of 
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both MaSp1A and MaSp1B sequences.  However, while all sequences for MaSp1B were 
identical, the MaSp1A sequences displayed a single nucleotide polymorphism (SNP) at 
nucleotide position 458 (relative to the transcription start site).  The presence of both 
MaSp1A SNPs in five out of the seven individuals tested suggests they are heterozygous 
for the SNP alleles of MaSp1A but also have a MaSp1B gene.  Close examination of N. 
clavipes MaSp1 C-terminal sequences available in public datasets also identified two 
variants (Sponner et al., 2004; previously called Variants 4 and 5, GenBank accession 
nos. AY654291 and AY654292, respectively).  Interestingly, in a manner similar to the 
N-terminal sequences characterized above, the two MaSp1 C-terminal domains share 
~90% identity with each other and ~72% identity to the single MaSp2 C-terminal domain 
found in the public datasets. 
 




This observation suggested to us the presence of two distinct MaSp1 genes in which 
the two N-terminal domain variants of MaSp1 (A and B) are paired individually with the 
two C-terminal variants (4 and 5).  To explore this possibility, we first needed to 
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determine if both C-terminal variants were present within our sample of seven 
individuals.  Genomic DNA was subjected to PCR using variant-specific MaSp1 C-
terminal primers and the products were distinguished by digestion at a polymorphic XhoI 
site.  As seen in Table 2.1, the results are similar to our findings for the MaSp1A and 
MaSp1B variants.  Specifically, each individual possesses both MaSp1 variant 4 and 
MaSp1 variant 5 C-terminal sequences.  We also cloned the PCR products from 
individuals 1 and 3 for both variants 4 and 5 and sequenced 3 independent isolates of 
each.  Individual 3 had a single sequence representing C-terminal variant 4 and a single 
sequence representing variant 5.  Individual 1 also had a single sequence representing C-
terminal variant 4 but this sequence had a SNP when compared to individual 3.  On the 
other hand, individual 1 possessed two sequences representing C-terminal variant 5 that 
differed by a single polymorphic nucleotide.  One of these was identical to that found in 
individual 3.  Therefore, all individuals in this small sample contain MaSp1 C-terminal 
variants 4 and 5 and there exist at least two SNP alleles of each.  Taken together, the data 
in Table 2.1 strongly suggests that MaSp1A and MaSp1B are not simply allelic variants 
but most likely represent two distinct genes. 
To further explore this possibility, we attempted to establish direct linkage between 
the N- and C-terminal variants of MaSp1.  Due to the long and repetitive nature of the 
MaSp1 genes, however, direct PCR of entire MaSp1 genes was not a viable option.  
Instead, we used variant-specific MaSp1 C-terminal reverse primers in separate reactions 
to prime a long primer extension reaction on genomic DNA template from a single 
individual.  The extension reactions were repeated for 15 rounds and the conditions of the 
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reaction were such that the products should have extended beyond the N-terminal start 
codon.  By priming at each C-terminus independently, the relative abundance of the 
associated N-terminus should increase within each genomic DNA sample.  Subsequently, 
both MaSp1A and MaSp1B were simultaneously amplified for each reaction using a 
universal primer set and the ratio of MaSp1A to MaSp1B was determined by direct 
sequencing of the PCR products and quantitation of peak areas at polymorphic 
nucleotides.  It was found that the abundance of MaSp1A increased significantly in the 
sample primed with the MaSp1 C-terminal variant 5-specific primer and that the 
abundance of MaSp1B increased significantly in the sample primed with the MaSp1 C-
terminal variant 4-specific primer (Figure 2.3).  A Student's t-test revealed that each of 
the three priming groups (C-terminal variant 4, variant 5, and the no priming control) are 
significantly different from each other (p-value < 0.01).  We propose that the C-terminal 
domains previously referred to as MaSp1 C-terminal variant 4 and 5 be renamed as 
MaSp1B and MaSp1A C-terminal domains, respectively, to indicate the pairing of N- and 
C-terminal domains. 
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Figure 2.3  Changes in (A) MaSp1A-NTD and (B) MaSp1B-NTD 
abundance caused by variant-specific priming at MaSp1-CTD domains.  
V4 is template primed from the MaSp1-CTD Var4, V5 from the MaSp1-
CTD Var5, and NP is a no priming control.  Numbers represent the mean 
change in chromatogram peak areas relative to the no priming control.  
(C) The proposed linkage between the two MaSp1 N-terminal and C-
terminal domains as suggested by the graphs above. 
 
Nucleotide based distance trees (Neighbor Joining, complete deletion) were estimated 
for our N. clavipes sequences along with the published MaSp sequences of other species 
(Figure 2.4).  The overall tree topology changed little when synonymous sites or amino 
acid sequences were used.  Additionally, estimated maximum parsimony and UPGMA 
tree topologies were very similar.  As observed previously, clades generally group first 
by spider genus then by spidroin type (MaSp1 or MaSp2).  In both trees, MaSp sequences 
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from N. madagascariensis are most similar to N. clavipes and those from Euprosthenops 
australis are the most distantly related.  It is interesting to note that Nc.MaSp1 C-terminal 
variant 4 is more closely related to the Nm.MaSp1 C- and Ns.MaSp1 C-terminal domains 
than it is to Nc.MaSp1 C-terminal variant 5 (Figure 2.4B).  It is entirely possible that 
these other Nephila species share the same MaSp1 gene duplication and only one of their 
MaSp1 C-terminal sequences are represented in the database.  The Nc.MaSp1A and 
Nc.MaSp1B N-terminal sequences form a clade in the N-terminal tree (Figure 2.4A).  
However, this is likely due to the low representation of Nephila species in this data set.  
It's also noteworthy that several species appear to have multiple MaSp1 or MaSp2 gene 
sequences in the database.  These potential MaSp1 and MaSp2 paralogs are marked by an 
asterisk in Figure 2.4.  The groups of sequences marked by double asterisk are MaSp1 
genes which have been experimentally confirmed as paralogs in N. clavipes by the 
present paper, in Euprosthenops australis (Rising et al., 2007), and in Latrodectus 
hesperus and L. geometricus (Ayoub & Hayashi, 2008). 
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Figure 2.4  Nucleotide distance trees of MaSp-NTD (A) and MaSp-CTD 
(B) sequences.  Trees were generated by MEGA 4 using neighbor joining 
method and complete deletion of gaps.  Numbers at nodes indicate 
bootstrap and scale bar represents sequence distance.  Sequence groups for 
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which there is strong evidence of duplicated MaSp genes are marked with 
double asterisk (**) and sequences which may represent duplicated genes 
or allele variants are marked with single asterisk (*).  The novel sequences 
presented in this paper are boxed.  Species key: Nc: Nephila clavipes, Nm: 
N. inaurata madagascariensis, Ns: N. senegalensis, Np: N. pilipes, Na: N. 
antipodiana, Aa: Argiope amoena, At: Argiope trifasciata, Lh: 




Historically, the dragline silk of N. clavipes is among the best-characterized spider 
silk fibers with respect to its mechanical properties.  While full sequences for the 
Nc.MaSp1 and Nc.MaSp2 genes are not currently available, partial cDNAs for these two 
genes were the first dragline silk sequences isolated (Xu & Lewis, 1990; Hinman & 
Lewis, 1992).  Since then, the isolation of additional C-terminal sequences from other 
spider species has revealed considerable similarity across species and silk types 
(Beckwitt & Arcidiacono, 1994; Hayashi et al., 2004).  Other studies have characterized 
the 5' gene sequences for dragline, flagelliform, and cylindriform silk genes and utilized 
promoter prediction software to look for potential regulatory elements (Motriuk-Smith et 
al., 2005; Rising et al., 2006; Ayoub et al., 2007).  Such elements have been noted and 
the predicted transcription start sites have allowed a comparison of the deduced primary 
and secondary structures of silk protein N-terminal domains.  
MaSp protein primary structure has been characterized in some detail as have some 
elements of secondary structure and the information reported here contributes directly to 
the breadth of our knowledge of these sequences.  Our 5' RLM-RACE results are the first 
direct empirical determination of the transcription start site for any major ampullate silk 
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gene.  Interestingly, not only are the predicted sequences of N-terminal coding regions 
conserved among different genera of spiders and silk types, but the presence of a signal 
peptide and five predicted helical structures seem to be conserved among different silk 
types as well (Motriuk-Smith et al., 2005; Rising et al., 2006).  From this we can infer 
that the silk N-terminal domain plays an important role in silk function since the different 
elements of this domain have been maintained from a time that predates the divergence of 
the spider species presented here (Selden & Gall, 1992; Rising et al., 2006). 
The transcription start sites identified are consistent with promoter prediction results 
for these same regions and are also consistent with the predicted start sites identified in 
MaSp 5' gene sequences from other species (Motriuk-Smith et al., 2005; Rising et al., 
2006; Ayoub et al., 2007).  The first AUG codon downstream of the transcription start 
site is, in all cases, immediately followed by a 23-24 amino acid sequence that returns a 
maximum signal peptide probability score (1.000) by SignalP analysis.  This analysis also 
shows that there are not secondary transcription start sites.  Therefore, in the absence of 
an internal ribosome entry site at downstream AUG codons, it would not be possible to 
generate short isoforms of MaSp proteins.  The absence of sequences associated with 
downstream AUG codons that elicit favorable signal peptide probability scores further 
argues against the production of shorter isoforms.  Others have noted a distinct codon 
bias in repetitive regions adjacent to the C-terminal domains of N. clavipes (Xu & Lewis, 
1990) and in the full length repetitive regions of L. hesperus (Ayoub et al., 2007).  As is 
frequently seen in highly expressed proteins, the most common amino acids in spidroins 
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(in this case G, A, Q, and P) have the most skewed codon usages and the sequences 
reported here display an essentially identical codon bias. 
While the sequences reported here are consistent with those described previously, we 
demonstrate that the N. clavipes genome contains at least three major ampullate silk 
protein genes, MaSp1A, MaSp1B and MaSp2.  Based on the N-terminal sequence data, 
the MaSp1A gene is present as at least two SNP alleles.  It is highly unlikely that this 
polymorphism is the result of errors in the PCR reaction for several reasons.  First, the 
polymerase used (PhusionTM) is a very high fidelity polymerase, especially for the short 
PCR reactions used to isolate 5' gene sequences (from genomic DNA or cDNA).  Second, 
the same polymorphism was identified in multiple adult female individuals.  Third, this 
observation is consistent with the recent report of multiple MaSp1 loci in Latrodectus 
(Ayoub & Hayashi, 2008).  SNP alleles may also exist for the MaSp1B gene.  More 
importantly, we have shown that all three gene transcripts are present in single major 
ampullate glands of individual adult female spiders.  This demonstrates that both MaSp1 
genes are functional and are expressed simultaneously in time and space.  The presence 
of two MaSp1 genes in N. clavipes is not limited to spiders harvested in coastal South 
Carolina as the same result was found in spiders harvested in southern Georgia/northern 
Florida. 
Our characterization of C-terminal sequences along with those available in public 
datasets also argues for at least two MaSp1 silk protein genes in N. clavipes.  We have 
identified two SNP alleles for the C-terminal domains of both MaSp1 genes (previously 
called variants 4 and 5; Sponner et al., 2004).  In fact, all seven individuals that were 
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sequenced had both MaSp1 N-terminal variants (A and B) and both C-terminal variants 
(4 and 5).  If an allelic relationship for these variants was assumed, then the 100% 
heterozygosity of this sample population would be very unlikely.  More significantly, five 
of the seven sequenced individuals had both SNP alleles of MaSp1A and a copy of 
MaSp1B.  Since N. clavipes is diploid (Araujo et al., 2005), these results argue very 
strongly against an allelic relationship between MaSp1A and MaSp1B. 
Using a variant-specific priming approach, we have attempted to establish linkage 
between the two different C-terminal sequences and MaSp1A/MaSp1B N-terminal 
sequences.  Our results show that variant 5-specific priming in the C-terminus increases 
the frequency with which MaSp1A N-terminal sequences are isolated by subsequent PCR.  
Conversely, variant 4-specific priming increases the frequency with which MaSp1B N-
terminal sequences can be isolated.  This observation strongly suggests that the variant 5 
and variant 4 C-terminal domains are part of the MaSp1A and MaSp1B genes, 
respectively, and argues against a mechanism that involves alternative splicing of a single 
gene.  Consistent with this conclusion, the complete gene sequence for L. hesperus 
MaSp1 is known to encode a single exon (Ayoub et al., 2007).  While the relationship 
between the MaSp1 N- and C-termini will only be unambiguously established through 
isolation of complete gene sequences for MaSp1A and MaSp1B, all the results presented 
support the existence of two MaSp1 loci in N. clavipes. 
Having found that there are two MaSp1 genes expressed in the major ampullate 
gland, it is important to ask what, if any, benefit this gene duplication event may provide 
to the spider.  Because MaSp1 represents the most abundant protein in dragline silk, one 
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possibility is that two MaSp1 genes may simply be more efficient in producing the large 
amounts of MaSp1 protein required.  If that is the case, a single MaSp2 gene may suffice 
for the less abundant dragline silk protein.  It has been observed that endopolyploidy may 
occur in silkworm (B. mori) silk glands (Perdrix-Gillot, 1979) and possibly also spider 
silk and venom glands (Rasch & Connelly, 2005).  Multiple gene copies, in addition to 
endopolyploidy, could increase the number of MaSp1 and MaSp2 templates available for 
transcription to meet the silk demand. 
Alternately, the two MaSp1 proteins may differ compositionally and functionally in 
their repetitive domains.  By altering the ratio of MaSp1A and MaSp1B expression, a 
spider may be able to tailor physical properties of the silk fiber to adjust to changing 
needs.  This would be consistent with observations that individual spiders of Nephila 
edulis can produce major ampullate silks with differing physical qualities; however, it is 
more likely that these fiber differences are caused by alterations in spinning conditions 
(Madsen et al., 1999). 
Despite the fact that N. clavipes has been historically well characterized with respect 
to spidroin sequencing, this second MaSp1 gene has been overlooked until now.  Our 
work in Nephila spiders and the recent identification of multiple MaSp1 loci in 
Latrodectus
 (Ayoub & Hayashi, 2008) and in Euprosthenops (Rising et al., 2007) raise 
the possibility that other spiders also have novel MaSp genes yet to be discovered.  A 
search of the GenBank database showed that Nephila pilipes (a close relative to N. 
clavipes) also has two MaSp1 C-terminal variants that are 96% identical to each other 
(GenBank accession Nos. AY666051, AY666053; see Figure 2.4B).  The report 
   84 
characterizing these sequences states that three of three N. pilipes individuals for which 
genomic DNA was sequenced had both MaSp1 C-terminal variants present (Tai et al., 
2004).  Additionally, two MaSp2 N-terminal variants are present in L. hesperus and three 
MaSp2 C-terminal variants are present in Argiope amoena (see Figure 2.4; Ayoub et al., 
2007; Pan et al., 2007).  However, since these sequences are not well characterized in the 
literature, it is difficult to say whether the MaSp2 variants are alleles or gene paralogs.  
Overall, it appears that MaSp gene duplications are widespread among spider species. 
 
Experimental Procedures 
Spider Collection and Nucleic Acid Isolation 
Seven live, adult female Nephila clavipes spiders were collected at Georgetown, South 
Carolina and gland material was harvested within 1 week of collection.  To encourage 
elevated spidroin gene expression, spiders were silked from the major ampullate gland 
for 30 minutes followed by a ten minute recovery period.  Within five minutes of 
sacrificing a spider, major ampullate glands were dissected from the abdomen and placed 
in RNAlater solution (Ambion, Austin, TX).  RNA was isolated from major ampullate 
glands of individuals 1 and 3 using an illustra RNAspin mini kit (GE Healthcare, 
Piscataway, NJ).  DNA was isolated for all 7 individuals from non-major ampullate gland 
material by grinding in a tissue lysis buffer (150mM Tris pH 8.0, 300mM NaCl, 10mM 
EDTA, 0.5% SDS, 0.5 mg/ml proteinase K), incubation at 45°C for 4 hrs, 
phenol:chloroform:isoamyl alcohol (25:24:1) extraction, and ethanol precipitation. 
 
   85 
Genomic DNA PCR 
5' MaSp Gene Characterization.  Five nucleotide sequences for the N-terminal regions of 
major ampullate spidroin genes from public datasets (GenBank accession nos. 
DQ059135, DQ059136, DQ059133, DQ379381, DQ379382) were aligned.  These 
sequences, from MaSp1 and MaSp2, show a high level of sequence similarity and 
allowed the development of nested sets of degenerate primers in regions of high 
conservation (Primers Sp1 degenerate F1/R1 and F2/R2, Table 2.2) for PCR using N. 
clavipes genomic DNA as template.  The sequence information obtained from degenerate 
primer PCR allowed the development of primers for inverse PCR (Primers Sp1 and Sp2 
inverse F1/R1, Table 2.2).  Genomic DNA was digested with HindIII and subjected to 
dilute ligation followed by ethanol precipitation.  This DNA served as the template for 
inverse PCR using the outward facing primer set.  Asymmetric PCR was performed using 
a non-degenerate forward primer (Primers Sp1 and Sp2 inverse F1, Table 2.2) and 
degenerate reverse primers designed to bind either the MaSp1 or MaSp2 repeat consensus 
(Primers Sp1 and Sp2 asymmetric R1, Table 2.2).  All PCR utilized PhusionTM 
polymerase (New England Biolabs, Ipswich, MA) and all PCR products were cloned into 
pGEM®-T Easy vector (Promega Corp., Madison, WI) prior to sequencing using ABI 
BigDye® terminator sequencing with a T7 promoter primer. 
MaSp1 Variant-specific N- and C-Terminal Coding Region Characterization.  Variant-
specific primers were used to amplify the MaSp N- (variants A and B) and C-terminal 
(variants 4 and 5) coding regions from genomic DNA template of seven individual 
spiders (Primers Sp1- C Var4 and Var5 F1/R1, Table 2.2) and the products were cloned 
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separately.  For all seven individuals, five independent clones were sequenced for MaSp1 
N-terminal variant A and three independent clones were sequenced for MaSp1 N-
terminal variant B.  PCR products for MaSp1 C-terminal variants 4 and 5 were cloned for 
only individuals 1 and 3 and three independent clones were sequenced for each variant.  
The remaining MaSp1 C-terminal PCR products were identified as variant 4 or 5 by the 
presence/absence of a polymorphic XhoI restriction site. 
MaSp1 N-terminal to C-terminal Linkage Determination.  N to C linkage was determined 
by long single primer extensions from the C- to N-terminus followed by PCR of both 
MaSp1 N-termini to determine relative abundance.  Genomic DNA (400 ng) from 
individual 5 was treated with ligase to repair nicks.  Triplicate extension reactions 
containing 40 ng genomic DNA each were performed using PhusionTM polymerase and a 
MaSp1 variant 4 primer, a variant 5 primer and no primer for a total of nine reactions 
(Primers MaSp1-CTD Var4/Var5 R2, Table 2.2).  The reaction conditions included the 
supplied GC buffer and 6% DMSO to relax secondary structures.  The ten minute 
extension cycles were repeated 15 times.  Aliquots of the primer extension products were 
then added directly to PCR reactions using a MaSp1 N-terminal universal primer pair to 
amplify both variant A and variant B sequences (Primers Sp1-NTD universal F1/R1).  
The PCR products were gel purified then sequenced directly using the forward universal 
MaSp1 N-terminal primer.  Sequence chromatograms were compared at each 
polymorphic nucleotide site between MaSp1A and MaSp1B.  For each polymorphic 
double peak, the area under each peak was determined by enlarging the chromatogram 
(~400%) and determining the area of a triangle created under the peak.  The average 
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difference in peak area was taken as the difference in relative abundance of MaSp1A to 
MaSp1B for that reaction. 
Table 2.2  Primers. 
Primer name Sequence 
Sp1 degenerate F1 TCGYRGTGMTYWGCACNCA 
Sp1 degenerate F2 GTCGGGATTTYCCAWYKAHBAMAATGA 
Sp1 degenerate R1 ATYYCRITRAYAAAYT 
Sp1 degenerate R2 GAKGAWGCRAADGCCAT 
Sp1 inverse F1 CGAAGCTGGAAGAACTGGAGCTTT 
Sp1 inverse R1 GCATCTGCTAGTTCCGTACTTGACCA 
Sp2 inverse F1 TTCTTAGCAGCGGTTTCGGGAAGT 
Sp2 inverse F2 CACAGCCACAGCAGATGCCTTTAT 
Sp2 inverse R1 AGAAGCGTAGATGGATTGGGTGCT 
Sp2 inverse R2 CGCTAAAGCTAGAATCGACCAGTTC 
Sp1 asymmetric R1 TCCATAKCCTCCTTGTCCRGCACC 
Sp2 asymmetric R1 GGTCCTTGTTGTCCWGGTCC 
Sp-N 5' RACE R1 GCGAARGCCATGTTKAGAGCTTGC 
Sp-N 5' RACE R2 CTCTTGTTACTYCTWGCCATTTTGTCCATTGC 
RLM-RACE ribo GAUCAAACUAUGACAACAUNACGCAACACCGCAGACG 
RLM-RACE deoxyribo CAACTNACGCAACACCGCAGAC 
Sp1-N universal F1 ATTCGGTCGACAAGAACC 
Sp1-N universal R1 TCCGCCATTGATGAAGC 
Sp1A-N R1 GCCACCGGTACCACCGTAAGATACTTCATT 
Sp1B-N R1 GATACTTCATTTGCAGAGGC 
Sp1-C var4 F1 CATCCCGTTTGTCTTCT 
Sp1-C var4 R1 AACCTAGGGCTTGATAAAC 
Sp1-C var4 R2 GTTACTGATTGTACTTGACAAG 
Sp1-C var5 F1 TTCCCGCTTGTCCTCA 
Sp1-C var5 R1 CTTTAACCAAGAGCTTGATAAAT 
Sp1-C var5 R2 ATTACTGATGGTACTTGAAAGT 
Sp1A-N cloning F1 GGCTTACTCGAGCAAAACACCCCATGGTCA 
Sp1A-N cloning R1 GGCTTACTCGAGTCAACCACCGTAAGATACTTCATT 
Sp2-N cloning F1 GGCTTACTCGAGCAAGCAAGGTCTCCATGG 
Sp2-N cloning R1 GGCTTACTCGAGTCAACCGCCGTATGATACTTCATT 
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RNA Ligase Mediated-RACE (RLM-RACE) 
RNA isolated from individual 1 was subjected to RLM-RACE using a protocol similar to 
previously described methods (Maruyama & Sugano, 1994).  Briefly, 2.5 µg of total 
RNA was treated with 5 units of shrimp alkaline phosphatase (SAP, Promega, Madison, 
WI) then split into two 1.25 µg fractions.  One of these fractions was treated with 5 units 
of tobacco acid pyrophosphatase (TAP, Epicentre, Madison, WI) and the other served as 
a negative control.  After both the SAP and TAP treatments, DNA was purified with a 5:1 
acid phenol/chloroform mix and precipitated with isopropanol.  Subsequently, 400 pmol 
of a ribo-oligonucleotide adaptor (Primer RLM-RACE ribo, Table 2.2) was ligated to the 
5' end of the each RNA fraction using 2.5 units of T4 RNA ligase (Epicentre, Madison, 
WI).  cDNA synthesis was then performed using M-MuLV reverse transcriptase (New 
England Biolabs, Ipswich, MA) and a low degeneracy universal primer (Primer Sp-NTD 
5’ RACE R1, Table 2.2) within the N-terminal domain that will anneal to MaSp1A, 
MaSp1B, and MaSp2.  The SAP, TAP, ligase, and RT reactions each included 10 units of 
ribonuclease inhibitor protein (Ambion, Austin, TX).  RNA was then degraded with 
RNase A and PCR was performed using a forward primer that binds to the cDNA derived 
from the ribo-oligonucleotide adaptor (Primers RLM-RACE deoxyribo, Table 2.2) and a 
low degeneracy reverse primer within the N-terminal domain that was universal for all 
three genes and also nested relative to the RT primer (Primer Sp-NTD 5’ RACE R2, 
Table 2.2).  The PCR products were then gel purified, cloned, and sequenced. 
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Sequence Analyses 
Sequences alignments and general sequence manipulations were performed in Vector 
NTI 10 (Invitrogen).  Prediction of the promoters in MaSp1A and MaSp2 were done by 
Neural Network Promoter Prediction v2.2 (Reese, 2001).  SignalP 3.0 was used to predict 
signal peptides (Bendtsen et al., 2004).  Secondary structure prediction was done using 
Hierarchical Neural Network (Combet et al., 2000).  Codon usage was determined with 
CountCodon (Nakamura et al., 2000).  BLASTP using BLOSUM62 matrix was used to 
determine protein similarity scores and ClustalW was used to evaluate amino acid 
substitutions as conservative (same size and polarity), semi-conservative (same size or 
polarity) or non-conservative (not same size or polarity).  Trees were constructed by first 
aligning the nucleotide sequences for MaSp N-terminal and C-terminal domains in 
ClustalW.  Next, MEGA4 was used to generate trees using the following parameters: 
Neighbor Joining, complete deletion of gaps, 1000 bootstraps, p-distance model (Tamura 
et al., 2007).).  Accession numbers for all sequences presented in the trees are compiled 
in Table 2.3. 
 
Table 2.3  Domain, accession number and template for sequences used in 
phylogenetic analyses. 
Gene Domain Accession No. Template 
Nc.MaSp1A N EU599238 DNA 
Nc.MaSp1B N EU599239 DNA 
Nc.MaSp2 N EU599240 DNA 
Lh.MaSp1_L1 N EU177663 DNA 
Lh.MaSp1_L2 N EU177665 DNA 
Lh.MaSp1_L3 N EU177648 DNA 
Lg.MaSp1_L1 N EU177666 DNA 
Lg.MaSp1_L2 N EU177668 DNA 
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Gene Domain Accession No. Template 
Lg.MaSp1_L3 N EU177660 DNA 
Nim.MaSp2 N DQ059135 DNA 
At.MaSp2 N DQ059136 DNA 
Lg.MaSp2 N EU177657 DNA 
Lh.MaSp2 N EF595248 mRNA 
Lh.MaSp2 N EF595245 DNA 
Ea.MaSp1 N AM259067 mRNA 
Nc.MaSp1_Var4 C AY654291 DNA 
Nc.MaSp1_Var5 C AY654292 DNA 
Nc.MaSp2 C AY654297 DNA 
Lh.MaSp1_L1 C EU177649 DNA 
Lh.MaSp1_L2 C EU177653 DNA 
Lh.MaSp1_L3 C EU177648 DNA 
Lg.MaSp1 C AF350273 mRNA 
Lh.MaSp2 C DQ409058 mRNA 
Lg.MaSp2 C AF350275 mRNA 
Nm.MaSp1 C AF350277 DNA 
Nm.MaSp2 C AF350278 DNA 
Ns.MaSp1 C AF350279 DNA 
Ns.MaSp2 C AF350280 DNA 
Na.MaSp1 C DQ338461 mRNA 
Np.MaSp1 C AY666053 DNA 
Np.MaSp1 C AY666054 DNA 
Aa.MaSp1 C AY263390 mRNA 
Aa.MaSp2 C AY365020 mRNA 
Aa.MaSp2 C AY365018 mRNA 
Aa.MaSp2 C AY365019 mRNA 
At.MaSp1 C AF350266 mRNA 
At.MaSp2 C DQ059136S2 DNA 
Ea.MaSp1a C AM490172 mRNA 
Ea.MaSp1b C AM490191 DNA 
Ea.MaSp2 C AM490169 mRNA 
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Abstract 
Spider silks are spun from concentrated solutions of spidroin proteins.  The 
appropriate timing of spidroin assembly into organized fibers must be highly regulated to 
avoid premature fiber formation.  Chemical and physical signals presented to the silk 
proteins as they pass from the ampulle and through the tapered duct include changes in 
ionic environment and pH as well as the introduction of shear forces.  Here, we show that 
the N-terminal domain of spidroins from the major ampullate gland (MaSp-NTDs) for 
both Nephila and Latrodectus spiders associate non-covalently as homo-dimers.  The 
MaSp-NTDs are highly pH-responsive and undergo a structural transition in the 
physiological pH range of the spider duct.  Tryptophan fluorescence of the MaSp-NTDs 
reveals a change in conformation when pH is decreased and that the pH at which the 
transition occurs is determined by the amount and type of salt present.  Size exclusion 
chromatography and pull-down assays both indicate that the lower pH conformation is 
associated with dramatically increased MaSp-NTD homo-dimer stability.  By transducing 
the duct pH signal into specific protein-protein interactions, this conserved spidroin 
domain likely contributes significantly to the silk spinning process.  Based on these 
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Spider silks are protein-based fibers with remarkable mechanical qualities.  
Perhaps even more impressive is the spinning process in which the spider silk proteins 
(spidroins) are assembled from a highly soluble storage state into a well-ordered and 
insoluble fiber.  Spiders can produce up to seven different types of silk each composed of 
different spidroin proteins and spun from distinct abdominal glands (Lewis, 2006).  Here, 
the spinning process of the major ampullate gland of Nephila spiders will be summarized 
as an example, but many of its features are common to other spider silks and are 
analogous to moth and butterfly silks. 
Prior to spinning, the spidroins are stored in the gland at very high concentration 
(~300 g l-1) that causes them to adopt a liquid crystalline arrangement (Chen et al., 2002; 
Knight et al., 1999b).  The secondary structure of the stored spidroins is a mix of random 
coils and α-helices (Hijirida et al., 1996).  When there is a demand for silk fiber, the 
spidroin solution is drawn down a long and tapered duct in which the proteins experience 
a gradual change in their chemical environment (Knight et al., 2001a).  Along the length 
of the duct Na+ concentration decreases from 3.1 mg g-1 dry weight in the ampulle (where 
the spidroins are stored) to 0.3 mg g-1 in the fiber and K+ concentration increases from 
0.75 mg g-1 to 2.9 mg g-1 (Chen et al., 2004).  Phosphate concentration also increases at 
least five-fold while flow velocity and shear force increase (especially near the duct’s 
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end) due to the tapered geometry of the duct (Knight et al., 2001a; Breslauer et al., 2009).  
Importantly, pH decreases from 7.2 in the storage region to 6.3 in the first 0.5 mm of the 
duct and reaches an unknown value by the end of the ~20 mm duct (Dicko et al., 2004d).  
Collectively, these chemical and physical forces induce the spidroin molecules to align 
with the direction of flow, form β-sheets, and partition out of the aqueous phase to form a 
solid fiber (Knight et al., 2000; Lefevre et al., 2008). 
The fiber produced from the major ampullate gland is called dragline silk and it is 
used in the main structural elements of an orb web and also as a hanging lifeline.  Its 
primary protein constituents are major ampullate spidroins 1 and 2 (MaSp1 and MaSp2) 
(Sponner et al., 2005a; Xu et al., 1990; Hinman et al., 1992).  These proteins are highly 
repetitive molecules having a 30 to 40 amino acid consensus sequence repeated 
approximately 100 times in tandem (Ayoub et al., 2007).  Flanking this repeat array are 
short non-repetitive N- and C-terminal domains (NTDs and CTDs) of ~155 and ~100 
amino acids, respectively (Xu et al., 1990; Motriuk-Smith et al., 2005).  The CTDs are 
conserved, not just among major ampullate spidroins but among all fiber forming 
spidroins, as are the N-terminal domains for all spidroins for which 5’ gene sequences are 
currently known (Hu et al., 2006a).  Since these domains have been conserved over 
hundreds of millions of years of spider evolution, they likely confer an important function 
on spidroin proteins.  In studies of recombinant partial spidroins, it is clearly established 
that the CTDs of major ampullate spidroins (generically MaSp-CTDs) play a significant 
role in promoting and coordinating spidroin assembly (Huemmerich et al., 2004a; Stark 
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et al., 2007).  It does this, in part, by forming a homo-dimer that may involve a disulfide 
bond between the individual MaSp-CTDs (Hedhammar et al., 2008; Hagn et al., 2010). 
However, less is known about the contribution of MaSp-NTDs (generically 
referring to MaSp1 and MaSp2 of any species) to spidroin function.  Analysis of the 
deduced amino acid sequence of MaSp-NTD has led to predictions that its secondary 
structure consists mainly of 5 α-helices (Motriuk-Smith et al., 2005).  Also, it is predicted 
that a signal peptide is present on MaSp-NTD that directs secretion of the spidroin into 
the gland lumen and is likely proteolytically removed during secretion.  CD-spectra 
performed by Rising et al. (2006) corroborates the predominance of α-helices, and size 
exclusion chromatography by Hedhammar et al. (2008) suggests that MaSp-NTD can 
homo-dimerize (Hedhammar et al., 2008; Rising et al., 2006).  Recently, Askarieh et al. 
(2010) presented a crystal structure of an Euprosthenops MaSp-NTD dimer and 
biochemical data indicating the NTD undergoes pH-induced conformational change 
(Askarieh et al., 2010).   
In this paper we examine recombinant Nephila and Latrodectus MaSp-NTD 
proteins to further elucidate functionally-relevant biochemical features.  We show that 
MaSp-NTDs from Nephila and Latrodectus also change conformation dramatically in 
response to the pH decrease that occurs in the silk gland and that this change is sensitive 
to the ionic environment.  In addition, the conformational change leads to a stabilization 
of MaSp-NTD dimerization that likely has functional significance to the fiber spinning 
process. 
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Experimental Procedures 
Plasmid construction, protein expression, and purification–Three MaSp N-
terminal domains (MaSp1A-NTD and MaSp2-NTD from N. clavipes and MaSp1-NTD 
from L. mactans) were isolated from N. clavipes or L. mactans genomic DNA by PCR 
with homolog-specific primer sets.  The forward primer for each homolog begins at the 
predicted signal peptide cleavage site such that the recombinant proteins will resemble 
mature, native MaSp-NTD.  Each primer set included a stop codon at the end of the 
MaSp-NTD and a 5’ XmaI site and 3’ XhoI site for subsequent ligation into pGEX-6P-2 
plasmid (GE Healthcare).  BL21 cells harboring the plasmids were cultured and protein 
expression was induced with 0.25 mM IPTG.  Proteins were purified from sonication 
lysates by affinity to glutathione Sepharose 4B (GE Healthcare) and affinity tags were 
removed by PreScission protease digestion.  The purified MaSp-NTDs were eluted from 
the column and subsequently concentrated on a 10 kDa cut-off Amicon Ultra (Millipore) 
centrifugal filtration device.  After GST removal, vector-derived ‘GPLGSPGIPG’ 
remained on the N-terminal end of the MaSp-NTDs (Figure 3.1).  The purified proteins 
were assayed using SDS-PAGE and staining with Coomassie Brilliant Blue dye (Figure 
3.2). 
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A. 
 Nc.MaSp1A   GPLGSPGIPGQNTPWSSTELADAFINAFMNEAGRTGAFTADQLDDMSTIGDTIKTAMDKM 60 
             ARSNKSSKGKLQALNMAFASSMAEIAAVEQGGLSVDAKTNAIADSLNSAFYQTTGAANPQ 120 
             FVNEIRSLINMFAQSSANEVSYGG                                     144 
 
 Nc.MaSp2    GPLGSPGIPGQARSPWSDTATADAFIQNFLAAVSGSGAFTSDQLDDMSTIGDTIMSAMDK 60 
             MARSNKSSQHKLQALNMAFASSMAEIAAVEQGGMSMAVKTNAIVDGLNSAFYMTTGAANP 120 
             QFVNEMRSLISMISAASANEVSYGG                                    145 
 
 Lm.MaSp1    GPLGSPGIPGQANTPWSSKANADAFINSFISAASNTGSFSQDQMEDMSLIGNTLMAAMDN 60 
             MGGRITPSKLQALDMAFASSVAEIAASEGGDIGVTTNAIADALTSAFYQTTGVVNSRFIS 120 
             EIRSLIGMFAQASANDV                                            137 
B. 
 Nc.MaSp1A   GPLGSPGIPGQN-TPWSSTELADAFINAFMNEAGRTGAFTADQLDDMSTIGDTIKTAMDK 59 
 Nc.MaSp2    GPLGSPGIPGQARSPWSDTATADAFIQNFLAAVSGSGAFTSDQLDDMSTIGDTIMSAMDK 60 
 Lm.MaSp1    GPLGSPGIPGQANTPWSSKANADAFINSFISAASNTGSFSQDQMEDMSLIGNTLMAAMDN 60 
            ***********  :***..  *****: *:  .. :*:*: **::*** **:*: :***: 
 
 Nc.MaSp1A   MARSNKSSKGKLQALNMAFASSMAEIAAVEQGGLSVDAKTNAIADSLNSAFYQTTGAANP 119 
 Nc.MaSp2    MARSNKSSQHKLQALNMAFASSMAEIAAVEQGGMSMAVKTNAIVDGLNSAFYMTTGAANP 120 
 Lm.MaSp1    MG--GRITPSKLQALDMAFASSVAEIAASEGG--DIGVTTNAIADALTSAFYQTTGVVNS 116 
            *.  .: :  *****:******:***** * *  .: ..****.*.*.**** ***..*. 
 
 Nc.MaSp1A   QFVNEIRSLINMFAQSSANEVSYGG 144 
 Nc.MaSp2    QFVNEMRSLISMISAASANEVSYGG 145 
 Lm.MaSp1    RFISEIRSLIGMFAQASANDV---- 137 
            :*:.*:****.*:: :***:*     
Figure 3.1 Sequences of MaSp-NTD protein constructs.  Non-aligned 
(A) and aligned (B) formats of the three MaSp-NTD homologs used in this 
study.  The first ten amino-acids are vector derived, and the Q at position 
11 corresponds to the first residue for native spidroins after signal peptide 
removal. 
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Figure 3.2  SDS-PAGE of purified MaSp-NTD proteins.  (Lane 1) 
Nc.MaSp1A-NTD (15.0 kDa), (Lane 2) Nc.MaSp2-NTD (14.9 kDa), and 
(Lane 3) Lm.MaSp1-NTD (14.0 kDa) were run on a 15% acrylamide gel 
and stained with Coomassie blue dye.  Marker sizes are indicated to the 
left.  Lanes 1 and 3 are non-adjacent lanes from the same gel and lane is 2 
from a separate gel. 
 
Tryptophan (W) fluorescence–Measurements were performed in a 
spectrofluorometer (Photon Technologies International model 814) using a 1 cm x 1 cm 
quartz cuvette.  Protein sample was excited at 295 nm and emission spectra were taken 
from 310 to 370 nm at 2 nm steps.  For pH titrations, the MaSp-NTD protein was diluted 
to ~3 µM into 10 mM HEPES, 10 mM MES buffer, 0.1 µM fluorescein, with 20, 100, or 
200 mM NaCl and pH 7.5 or 5.0.  Each titration began with a reading of the pH 7.5 
buffer with protein in a constantly stirred cell.  A volume (which varied between steps to 
give a constant 0.1 pH unit change per step) was removed and an equal volume of pH 5.0 
buffer with the same protein and salt concentration was added to decrease pH but leave 
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all other conditions unchanged.  At each step, W fluorescence and fluorescein 
fluorescence readings were taken.  This was repeated with increasing volumes of 
replacement until the pH reached 5.0.  Fluorescein was used as a pH probe by monitoring 
the ratio of emission intensities at 508 nm when excited with 450 nm and 490 nm light.  
Calibration was performed at 0.5 unit pH steps from pH 5.0 to 7.5 in the same buffer used 
for titrations and fitted to a sigmoidal regression.  For readings other than the pH 
titrations, MaSp-NTD proteins were diluted into 1 ml of separate buffers prepared at 0.5 
pH unit steps, mixed by pipetting, and measured. 
Size exclusion chromatography–Sephacryl S-100 (GE) resin was packed into a 
1.6 cm diameter by 27 cm height column with a total volume of 55 ml.  The running 
buffers were 10 mM MES, 10 mM HEPES at pH 7.0 or 5.5 with NaCl of 0, 100, 500, or 
1000 mM.  A molecular mass standard set consisting of vitamin B-12 (1.3 kDa), RNase 
A (13.7 kDa), carbonic anhydrase (29 kDa), and ovalbumin (43 kDa) was 
chromatographed under each buffer condition used.  The MaSp-NTD samples were 200 
µM protein in 100 µl of appropriate running buffer and were allowed to equilibrate with 
the buffer for 5 min prior to injection onto the column.  The flow rate was 0.5 ml min-1 
and fractions were collected every 1.5 ml.  These fractions were analyzed by SDS-PAGE 
to confirm that the UV absorbing peaks were indeed MaSp-NTD protein.  The molecular 
mass estimates of MaSp-NTD oligomers were calculated by regression on the buffer-
appropriate marker set. 
Dynamic light scattering–Measurements were performed on a Brookhaven 
Instruments 90Plus particle sizer and analyzed with accompanying software.  Protein 
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samples were at a concentration of 0.8 g l-1 (53 µM) in 300 µl of buffer (10 mM MES, 10 
mM HEPES, 10 mM citrate, 20 mM NaCl, variable pH).  Protein samples and buffers 
were all thoroughly filtered to remove dust.  After measurement at 20 mM NaCl, 
concentrated NaCl was added to a final concentration of 100 mM and measurements 
were performed again.  Each sample was measured at a 90° angle for 3 minutes in 
triplicate. 
Circular dichroism spectroscopy–CD spectra were recorded in a Jasco J-810 CD 
spectrophotometer equipped with a Peltier temperature control unit.  The quartz cuvette 
had a 1 mm path length and 300 µl internal volume.  Nc.MaSp1A-NTD protein was 20 
µM in 10 mM NaH2PO4 at pH 7.0 or 5.5 with either 0 or 500 mM NaF.  NaF was 
substituted for NaCl due to the lower UV absorbance.  For each melt/anneal experiment, 
CD spectra from 260 to 190 nm were first recorded at 20°C.  The sample was heated at 
5°C min-1 to 90°C then cooled at the same rate down to 20°C.  All spectra presented are 
the average of 3 scans and are blanked against the appropriate buffer. 
Pull-downs–MaSp-NTD proteins (i.e.,Nc.MaSp1A-NTD, Nc.MaSp2-NTD, or 
Lm.MaSp1-NTD) were covalently coupled to Affi-gel® 10 resin (Bio-Rad) according to 
the manufacturer’s instructions at a protein density of 3.5 mg protein ml-1 of resin.  BSA 
was coupled separately at 5.0 mg protein ml-1 resin.  The protein-coupled resins were 
washed thoroughly with buffer containing 0.5 M NaCl (pH 7.0) to wash away any non-
covalently bound proteins.  Pull-downs were performed in 10 mM MES, 10 mM HEPES 
at varied pH (5.0, 5.5, 6.0, 6.5, or 7.0) and varied NaCl concentrations (20, 100, or 200 
mM) for a total of 15 conditions.  In a total volume of 30 µl, 5 µl of resin bearing 17.5 µg 
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of immobilized MaSp-NTD and 10 µg (22 µM) of free MaSp-NTD of the same type 
were present.  This was incubated overnight at room temperature to allow free dimers to 
dissociate and permit dimerization with immobilized protein.  Next, the volume was 
increased to 100 µl with binding buffer (matching the pH and salt concentration of that 
treatment), mixed gently, incubated for 30 seconds, centrifuged (360 x g, 15 sec), and the 
supernatant removed.  This was repeated twice for a total of three washes.  The washed 
resin was then resuspended in 80 µl of elution buffer (10 mM MES, 10 mM HEPES at 
pH 7.0 with 200 mM NaCl and 1% SDS) and incubated for 15 min with periodic 
agitation.  The elution was removed from the resin and assayed using bicinchoninic acid 
(BCA) to determine the amount of MaSp-NTD pulled down.  The pull-downs of free 
MaSp-NTD using immobilized MaSp-NTD were performed in triplicate.  Pull-downs of 
free MaSp-NTD using immobilized BSA under all 15 conditions were also performed as 
a control, and mock pull-downs (no free MaSp-NTD) were performed for each resin to 
ensure no immobilized protein was released from the resin.  SDS-PAGE of the eluted 
protein was performed to ensure that only MaSp-NTD protein was present in the elution.  
Pull-downs with an extended wash time-course were initiated by overnight incubation of 
an appropriately scaled binding reaction at pH 5.5 with 20 mM NaCl to promote maximal 
binding [240 µl resin bearing immobilized Nc.MaSp1A-NTD and 480 µg (22 µM) free 
Nc.MaSp1A-NTD in 1.14 ml total volume].  The resin was subsequently washed with pH 
5.5 buffer three times to remove unbound protein and distributed into 48 tubes.  Buffer (2 
ml) at the appropriate pH and containing 20 mM NaCl was added, and the resin was 
rotated for variable time periods before elution of any remaining protein. 
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Results 
Recombinant expression and purification of MaSp-NTD proteins–We cloned and 
over-expressed the NTDs of N. clavipes MaSp1A and MaSp2 (Nc.MaSp1A and 
Nc.MaSp2, respectively) and of L. mactans MaSp1 (Lm.MaSp1) as GST fusions in E. 
coli (see Experimental Procedures and Figure 3.1 for details).  The two N. clavipes 
MaSp-NTDs were based on our previously isolated sequences (Gaines et al., 2008a) and 
that of L. mactans on sequences isolated as part of this study.  Interestingly, the L. 
mactans MaSp1-NTD differs by only a single conservative amino acid change (L to I) 
from MaSp1 locus 1 (L1) and locus 2 (L2) from L. hesperus (Ayoub et al., 2008b).  
MaSp-NTD proteins were purified by glutathione-Sepharose affinity chromatography and 
subsequent removal of the affinity tag resulting in recombinant proteins with >95% 
homogeneity (Figure 3.2). 
Tryptophan fluorescence–All three MaSp-NTDs examined in this paper have a 
single tryptophan (W) residue at position 5 or 6 after the predicted signal peptide 
cleavage site (Figure 3.1).  This amino acid fluoresces when excited with light at 295 nm.  
The fluorescent emission varies in intensity and wavelength depending on the local 
environment surrounding the W side-chain.  If a W residue is solvent exposed it will emit 
fewer photons and at a longer (less energetic) wavelength compared to a W residue in a 
more hydrophobic context.  Therefore, W fluorescence can be used as a sensor for local 
structural changes. 
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We examined the W fluorescence of our recombinant Nc.MaSp1A-NTD under a 
variety of buffer conditions, with particular emphasis on those that are known to change 
along the major ampullate duct (i.e., pH, [Na+], [K+], phosphate).  W fluorescence 
changes dramatically when the pH is titrated from 7.5 to 5.0 (Figure 3.3A), decreasing in 
intensity and red-shifting.  These results indicate that the W residue becomes more 
solvent exposed at lower pH.  Interestingly, the ionic strength of the buffer had an impact 
on the change in W fluorescence during the pH titration.  High NaCl concentrations 
caused the W residue to remain buried at a more acidic pH compared to lower salt buffers 
(Figure 3.3B) indicating that increased ionic strength stabilizes the more fluorescent 
conformation.  Similar results were obtained for the Nc.MaSp1A-NTD protein using a 
variety of buffer systems (MES/HEPES, phosphate, Tris/citrate).  The conformation 
change occurred in less than one minute under all conditions as this was the amount of 
time between mixing the protein and taking the first reading, and no further conformation 
change was observed in any subsequent readings.  As evidence that this conformational 
change is not specific to the Nc.MaSp1A-NTD, the W fluorescence spectra for both 
Nc.MaSp2-NTD and Lm.MaSp1-NTD, including the salt effect, are essentially the same 
as that for Nc.MaSp1A-NTD (Figure 3.3C and 2D, respectively). 
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Figure 3.3  W fluorescence of MaSp-NTDs.  (A) Emission spectra for 
Nc.MaSp1A-NTD in 100 mM NaCl at pH ranging from 7.5 to 5.0.  (B-D) 
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The emission spectra intensity summation (i.e. total fluorescence) at each 
pH and salt condition for (B) Nc.MaSp1A-NTD, (C) Nc.MaSp2-NTD, and 
(D) Lm.MaSp1-NTD.  Values are normalized against the highest intensity 
reading for each MaSp-NTD protein. 
 
In addition to NaCl, we assessed Nc.MaSp1A-NTD W fluorescence in buffers 
containing KCl and sodium phosphate, as well as mixtures of NaCl and KCl at various 
concentrations and pH.  In all cases, the trends are similar to that observed with NaCl in 
that overall fluorescence decreases as pH is lowered, and increased ionic strength shifts 
the pH at which the conformational change occurs toward more acidic values (Figures 
3.4A and A.1).  In contrast, MgCl2 and CaCl2 had a more potent effect on W fluorescence 
(Figure 3.4A).  Both divalent cations appeared to stabilize the more fluorescent 
conformation across the range of pH 7.0 to 6.0 with only a moderate decrease in W 
fluorescence at pH 5.5. 
 
   109 
 
Figure 3.4 The effect of various cations on Nc.MaSp1A-NTD.  (A) W 
fluorescence and (B) pull-down assays performed in the presence of 100 
mM NaCl or KCl, or 50 mM MgCl2 or CaCl2.  In each case, the divalent 
cations are more potent at stabilizing conformation I and disrupting stable 
dimerization than monovalent cations at equal concentration of charges.  
The vertical axis for (A) is the total fluorescent emission intensity (as in 
Figure 3.3B-D), and for (B) is the amount of free Nc.MaSp1A-NTD 
captured by resin-immobilized Nc.MaSp1A-NTD (as in Figure 3.9).  
These assays were performed using the procedures described in Materials 
and Methods with the exception that these W fluorescence assays were 
done as independently-prepared samples at fixed pH rather than titrations.  
(A) and (B) are shown aligned here by pH to emphasize the correlation 
between conformational change detected in (A) and enhanced pull-down 
of MaSp-NTD in (B). 
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Size exclusion chromatography–Hedhammar et al. (2008) demonstrated that the 
N-terminal domain of E. australis MaSp1 (Ea.MaSp1-NTD) elutes during size exclusion 
chromatography (SEC) at pH 7.4 and low ionic strength at a mass consistent with a 
homo-dimer (Hedhammar et al., 2008).  We investigated if the three MaSp-NTDs under 
study here would function similarly in a low ionic strength buffer and whether the pH and 
ionic strength effects we observed for W fluorescence would translate to alterations in the 
MaSp-NTD oligomeric state. 
When chromatographed in a low ionic strength buffer (pH 7.0), Nc.MaSp1A-
NTD, Nc.MaSp2-NTD, and Lm.MaSp1-NTD all eluted at molecular masses consistent 
with homo-dimerization (estimated at 30.5, 27.8, and 33.5 kDa, respectively, where 
monomer molecular masses are 15.0, 14.9, and 14.0 kDa, respectively).  Similarly, at pH 
5.5 with no salt, Nc.MaSp1A-NTD protein also eluted as a homo-dimer.  To evaluate the 
effect of elevated salt concentrations, Nc.MaSp1A-NTD protein was subjected to SEC in 
buffers containing 100, 500, or 1000 mM NaCl at pH 7.0 and 5.5.  Under all conditions, 
the Nc.MaSp1A-NTD protein eluted as a single peak, and oligomeric states larger than a 
dimer were never observed (Figure 3.5).  However, the estimated mass was either 
intermediate to monomer and dimer sizes (for moderate ionic strength buffers) or very 
close to monomer size (for high ionic strength buffers; Figure 3.6).  We interpret these 
intermediate molecular mass estimates to indicate that Nc.MaSp1A-NTD protein is 
entering the column as a dimer but, upon experiencing a threshold amount of dilution, 
becomes monomeric and remains so for the remainder of the separation.  For both pH 5.5 
and 7.0, higher amounts of NaCl in the running buffer resulted in a more monomeric 
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molecular mass estimate suggesting that increased NaCl destabilizes the self-interaction 
of MaSp-NTDs.  However, much higher amounts of NaCl were required to shift the 
elution profile for Nc.MaSp1A-NTD toward monomer size at pH 5.5 than at pH 7.0 (e.g. 
the pH 5.5 with 1000 mM NaCl sample elutes similarly to the pH 7.0 with 100 mM NaCl 
sample).  This could indicate the dimer association is stronger at pH 5.5.  It is important 
to note that the elution profile of the molecular mass standards was determined under all 
eight buffer conditions and was unaffected by the changes in pH or ionic strength. 
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Figure 3.5 SEC elution profiles.  Off-column UV absorbance traces for 
Nc.MaSp1A-NTD chromatographed in buffer at (A) pH 7.0 or (B) pH 5.5 
containing 0, 100, 500, or 1000 mM NaCl.  Molecular weight markers are 
indicated at top.  The small peak at 20.5 ml is contaminating GST from the 
purification process.  Absence of protein at the void volume indicates lack 
of Nc.MaSp1A-NTD aggregation. 
 
   113 
 
Figure 3.6  SEC of Nc.MaSp1A-NTD.  Nc.MaSp1A-NTD was 
chromatographed in buffers at pH 7.0 or 5.5 and containing 0, 100, 500, or 
1000 mM NaCl.  Molecular masses (in kDa) are based on the SEC elution 
profile compared to molecular mass standards.  Closed and open arrows 
indicate the predicted monomer and dimer molecular masses, respectively. 
 
Dynamic light scattering–Recently, Askarieh et al. (2010) reported that 
Ea.MaSp1-NTD aggregates into particles of about 800 nm diameter in a pH-dependent 
manner (~pH 6) (Askarieh et al., 2010).  We performed dynamic light scattering (DLS) 
measurements between pH 4.0 and 7.5 to determine whether Nc.MaSp1A-NTD and 
Lm.MaSp1-NTD behave similarly.  Our results show that, unlike Ea.MaSp1-NTD, 
neither of the proteins aggregate into large assemblies at any pH or salt concentration 
tested (Figure 3.7).  To ensure that this lack of aggregation was not an experimental 
artifact, we also generated an Nc.MaSp1A-NTD protein in which the ten N-terminal non-
native residues of our own constructs were replaced with the same four non-native 
residues (GSGN) present on Ea.MaSp1-NTD (Nc.MaSp1A-NTD-Mut).  The change in 
non-native residues had no effect, and no large scale aggregation was observed (Figure 
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Figure 3.7 Dynamic light scattering.  MaSp-NTD particle sizes were 
estimated under pH ranging from 4.0 to 7.5 and in the presence of (A) 20 
mM and (B) 100 mM NaCl to assay for potential protein aggregation.  
Insets show particle size estimates ranging from 1 to 8 nm, which is in 
agreement with the 3 to 5 nm expected for monomeric or dimeric protein, 
respectively.  The larger graphs illustrate that aggregates of any significant 
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size were not observed under any buffer condition.  Error bars represent 
standard deviation (n=3). 
 
Circular dichroism spectroscopy–Given the effects of pH and ionic strength on 
MaSp-NTD conformation and dimerization, it was of interest to probe the impact of these 
treatments on secondary structure.  Nc.MaSp1A-NTD protein was examined by CD 
spectroscopy in buffers at pH 5.5 and 7.0 with either low (0 mM) or high (500 mM NaF) 
salt.  When samples were examined at 20°C, the spectra were essentially identical for all 
buffer conditions and consistent with predominantly α-helical secondary structure.  The 
samples were also heated to 90°C then cooled back to 20°C.  Under all conditions, 
Nc.MaSp1A-NTD protein was able to refold upon cooling and produced spectra 
essentially identical to the pre-melt spectra (Figure 3.8). 
   116 
 
           
 
 
Figure 3.8 CD spectra of Nc.MaSp1A-NTD.  Spectra were recorded at 
(A) 20°C, (B) 90°C, and (C) after cooling back to 20°C.  This was done 
for Nc.MaSp1A-NTD protein in buffers of pH 5.5 or 7.0 with either 0 mM 
or 500 mM NaF.  MRE is mean residue ellipticity. 
 
Pull-downs–To further characterize the influence of pH and ionic strength on 
MaSp-NTD dimerization, we performed pull-down experiments.  MaSp-NTD proteins 
were covalently coupled to a resin under conditions that should favor a wide spacing of 
immobilized monomers (low protein concentration, 80 mM CaCl2, pH 7.5) and used to 
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capture free MaSp-NTDs of the same type from solution.  The mixed free and resin-
immobilized MaSp-NTD proteins were incubated overnight to ensure that dimers in free 
solution would have sufficient time to dissociate then dimerize with resin-immobilized 
monomers. 
The pull-downs were done under 15 different conditions that included five pH 
steps and three NaCl concentrations.  At pH 7.0 or 6.5 almost no free MaSp-NTD protein 
is pulled down for all three NaCl conditions and for each of the three homologs tested 
(Figure 3.9). While transient dimers are expected to form at pH 7.0, they dissociate 
during the wash steps and are therefore not present in the eluted protein fraction.  In 
contrast, at pH 5.5 and 5.0 a significant fraction (ranging from 25% to 80%) of the free 
MaSp-NTD is pulled down for each salt condition and homolog type.  Because the 
captured MaSp-NTD protein remains associated through two wash steps with agitation, 
and very little MaSp-NTD protein is lost to the wash, we interpret this as an indication of 
stable dimer formation with resin-immobilized MaSp-NTD. The pull-down is specifically 
due to MaSp-NTD dimerization because no free MaSp-NTD was pulled down under any 
conditions using resin-immobilized BSA as a control (Figure 3.9).  The depletion of free 
MaSp-NTD protein from the supernatant produced a reciprocal trend to that of the 
amount of protein pulled down (Figure A.3). 
 
   118 
 
Figure 3.9  Pull-down assays.  (A) Nc.MaSp1A-NTD, (B) Nc.MaSp2-
NTD, and (C) Lm.MaSp1-NTD proteins were captured from free solution 
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through stable dimer interactions with resin-immobilized MaSp-NTD of 
the same type.  The vertical axis is the proportion of free input protein that 
was captured.  The key indicates the type of resin-immobilized protein and 
the amount of NaCl present in the binding and wash buffers for each 
treatment.  Error bars represent standard deviation (n=3). 
 
Salt concentration also had an effect on the efficiency of the pull-down 
experiments.  In higher salt conditions, it takes a lower pH before significant amounts of 
free MaSp-NTD are pulled down.  These results are remarkably congruent with the W 
fluorescence titration and SEC results (see Figures 3.3 and 3.6).  By comparing the pull-
down and W fluorescence results, it appears that appreciable stable dimerization, as 
evidenced by efficient pull-down, occurs only below pH values where the conformation 
has fully transitioned to the lower fluorescence (solvent exposed) state.  For example, at 
100 mM NaCl the W fluorescence completes its transition around pH 6.0 but significant 
pull-down does not occur until pH 5.5.  Also in agreement with the W fluorescence data, 
divalent cations are more potent at disrupting pull-down than monovalent cations at equal 
concentrations of charges (Figure 3.4B).  While 50 mM solutions of divalent cation salts 
do have a higher ionic strength than 100 mM monovalent salts, this alone cannot explain 
their potency on MaSp-NTDs because they both also elicit a greater effect than 200 mM 
NaCl (see Figures 3.3 and 3.9).  Interestingly, resin-immobilized Nc.MaSp1A-NTD was 
able to pull down Nc.MaSp2-NTD with about the same efficiency that it pulls down 
Nc.MaSp1A-NTD, suggesting that hetero-dimerization may be physiologically relevant 
(Figure A.4). 
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To further demonstrate the increased stability of MaSp-NTD dimers at low pH, 
we performed pull-down experiments where resin with captured proteins was washed for 
various periods with buffer at pH of 5.5, 6.0, or 7.0 (Figure 3.10).  At pH 7.0 the dimers 
had fully dissociated after six or fewer minutes of washing indicating a rapid dissociation 
rate due to weak dimer interaction.  At pH 6.0, most dimers had dissociated by that same 
time but ~15% remained stable for longer periods.  In contrast, at pH 5.5 ~40% of the 
captured protein remained dimerized even after 10 hours.  While some of the protein 
remaining after 10 hours was undoubtedly due to re-dimerization after dissociation, the 
observation that the dimerization kinetics had not yet come to equilibrium after two or 
more hours of washing indicates the dimers at this pH are long-lived due to a strong 
interaction between monomer subunits. 
 
 
Figure 3.10 Extended wash time-course after pull-down.  Free 
Nc.MaSp1A-NTD protein was captured through dimerization with resin-
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immobilized Nc.MaSp1A-NTD at pH 5.5 (20 mM NaCl) then washed 
with an excess volume of buffer at pH 5.5, 6.0, or 7.0 for extended periods 
to promote dimer dissociation.  Resin collected after the wash period was 
assayed for protein that remained associated.  This was compared to the 
amount of protein initially present after binding to give the % lost during 
the wash.  Time zero was placed at 0.1 minutes to permit plotting on log 
scale.  Error bars represent standard deviation (n=3). 
 
Discussion 
Dicko et al. (2004) reported that the pH in the major ampullate gland changes 
from 7.2 in the ampulle to 6.3 in the duct (Dicko et al., 2004d).  However, the lower pH 
measurement was taken only 0.5 mm into the 20 mm long duct and was performed on a 
gland surrounded by buffer at pH 7.4.  Histological staining shows that H+ pump activity 
increases steadily along the entire length of the duct so it is likely that the pH goes well 
below 6.3 (Vollrath et al., 1998).  Interestingly, the spidroin solution in N. clavipes major 
ampullate glands contains a yellow pigment that is present in the final fiber.  As the 
spidroin solution enters the duct, however, it becomes colorless.  A pH titration of major 
ampullate contents demonstrated that the yellow pigment does not turn clear until the 
solution is acidified beyond pH 5 (Dicko et al., 2004a), consistent with the presence of 
lower pH values in the duct.  Direct measurement of pH along the majority of the duct 
will be difficult at best, if for no other reason than the minute volumes (the internal 
volume of the entire duct is estimated at <0.1 µl) so the pH estimate of 6.3 should 
represent an upper boundary of the possible pH at more distal points in the duct.  
Therefore, we feel that the pH range used in the studies reported here is physiologically-
relevant and similar to those that MaSp proteins will encounter while traversing the duct. 
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It is also important to note that the salt ranges used in this study (20 mM to 200 
mM) include physiologically relevant concentrations.  The Na+ and K+ content in the 
ampulle have been estimated at 3.1 mg g-1 and 0.75 mg g-1 dry weight, respectively (Chen 
et al., 2004).  Because major ampullate gland contents are ~66% water, this allows us to 
calculate that the salt concentration in the duct is about 59 mM (~51 mM Na+ and ~7 mM 
K+).  The sum of Na+ and K+ remains fairly constant through the duct and into the fiber, 
but in the distal duct and fiber K+ predominates (Knight et al., 2001a). 
Our W fluorescence experiments demonstrate a conformational change in MaSp-
NTD proteins as pH is changed from neutral to pH 5.5 and the single W residue becomes 
more solvent-exposed at lower pH.  We also observe that the transition from the neutral 
pH conformation (conformation I) to the low pH conformation (II) is sensitive to the 
concentration of various salts.  In general, at higher salt concentrations, the transition 
from conformation I to conformation II occurs at a lower pH suggesting stabilization of 
conformation I, or destabilization of conformation II, in the presence of salt. 
The overall trends presented in Figure 3.3, wherein the conformation of MaSp-
NTDs change in response to pH and salt, are robust for several reasons.  First, 
Nc.MaSp1A-, Nc.MaSp2-, and Lm.MaSp1-NTD proteins all produce very similar results 
despite having only 57% to 75% pair-wise amino acid identity scores.  Second, although 
the experiments presented represent titration of a single sample across pH, the same 
results are observed when independent samples are placed in buffers of fixed pH.  Third, 
these independent reads at fixed pH (done only for Nc.MaSp1A-NTD) have also been 
performed using a variety of buffer systems, yet always yielded similar results.  Lastly, 
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when a sample is titrated from pH 7.0 to pH 5.5 and back to pH 7.0, the initial emission 
spectra is restored indicating the change in conformation is fully reversible. 
One consideration about the biophysical forces that drive the pH-dependent 
conformation change of MaSp-NTDs is that Nc.MaSp1A-NTD and Lm.MaSp1-NTD 
have no histidines (there is one His residue present in Nc.MaSp2-NTD).  This is 
interesting because proteins that exhibit pH-dependent changes near pH 6 often do so 
through a mechanism involving histidine (Foo et al., 2006).  Even though Nc.MaSp2-
NTD has a histidine, it seems likely that the pH-dependent conformation change occurs 
through a mechanism similar to that of Nc.MaSp1A-NTD and Lm.MaSp1-NTD so its 
histidine may play little or no role in that regard.  Additionally, all three homologs lack 
cysteine residues, and therefore MaSp-NTD dimers are not stabilized by disulfide bonds 
as is believed to be the case for MaSp-CTDs (Sponner et al., 2005a; Hagn et al., 2010). 
Ea.MaSp1-NTD also has a single non-conserved histidine.  However, 
mutagenesis of this site has shown that it is not critical for pH responsiveness (Askarieh 
et al., 2010).  Therefore, it’s likely that pH sensing occurs through one or more acidic 
amino acid side chains (D or E) with a higher than normal pKa(s) due to the molecular 
environment.  A highly conserved D residue present in most MaSp proteins (D40, Ref. 
22), that is homologous to D36 in Nc.MaSp1A-NTD, does seem to be critical for the pH-
dependent conformation change of Ea.MaSp1-NTD because mutation of that residue 
abolishes the W fluorescence response to pH. If the pH sensing is mediated through 
charge alterations on acidic residues, it is not surprising that salt affects the conformation 
change. 
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The results from the pull-down experiments clearly demonstrate that all three 
MaSp-NTDs under study interact as non-covalently associated dimers and that the 
stability and/or strength of the association is dramatically enhanced at lower pH.  The 
degree of dimer stability is indicated by the observation that the captured MaSp-NTDs 
remained associated with the resin-immobilized protein through multiple wash steps (10 
minutes total time).  Similarly, dimer dissociation occurs within a few minutes at pH 7.0 
but on the order of hours at pH 5.5 (Figure 3.10).  Enhanced stability is also supported by 
the SEC experiments that show the dimeric form present at low salt is less stable at 
neutral pH than at pH 5.5.  Further, the observation that it requires approximately 1M 
NaCl for the Nc.MaSp1A-NTD to elute during SEC at a size consistent with the 
monomer mass further suggests that the dimer would be the predominant form at 
physiological salt and protein concentrations.  In the crystal structure of Ea.MaSp1-NTD, 
a positive and a negative patch on one subunit interact with the cognate negative and 
positive patches on the other subunit, respectively (Askarieh et al., 2010).  If a similar 
relationship exists for Nc.MaSp1A-NTD, disruption of this ionic interaction by free ions 
may explain why high salt levels tend to cause dimer dissociation. 
All three MaSp-NTDs examined here display conformational and self-assembly 
responses to physiologically-relevant changes in pH.  Dimerization and pH-dependent 
conformation change has also been demonstrated for Ea.MaSp1-NTD (Hedhammar et al., 
2008; Askarieh et al., 2010).  Therefore, it seems very likely that whatever function 
Nephila and Latrodectus MaSp-NTDs have in fiber self-assembly, all other MaSp-NTDs 
have the same or similar function.  In fact, given the high degree of conservation with the 
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NTDs of the flagelliform and tubuliform spidroins, all spidroin NTDs probably have 
some functional aspects in common with MaSp-NTDs. 
The nature of silk spinning presents a spider with an interesting dilemma.  It 
requires that spidroin protein be stockpiled in the gland for extended periods of time yet 
be ready at a moment’s notice to undergo an irreversible structural transition taking only 
seconds (Breslauer et al., 2009).  At the same time, the protein must be stored in an 
assembly-incompetent state such that under no circumstances does the spidroin solution 
ever assemble into β-sheet rich aggregates prematurely, regardless of environmental 
temperature, the spider’s nutritional status, possible body impacts from falling, or any 
other conditions that might promote aggregation. 
The spidroin assembly process is regulated by the environmental changes that 
occur along the length of the duct, including a drop in pH and Na+ ion concentration and 
an increase in K+ and phosphate ion concentrations (Knight et al., 2001a; Chen et al., 
2004; Dicko et al., 2004d).  There is also a slow increase in shear and elongational forces 
over most of the duct’s length, followed by a dramatic increase in these forces near the 
very end of the duct (Breslauer et al., 2009).  However, there may well be other cues that 
have not yet been recognized as important to fiber assembly. 
Studies of recombinant partial spidroins have demonstrated that MaSp repeat 
domains alone can respond to shear forces and phosphate ions by forming β-sheet 
aggregates and that addition of a MaSp-CTD greatly enhances the amount and orderliness 
of the aggregation (Huemmerich et al., 2004a; Hedhammar et al., 2008; Hagn et al., 
2010; Eisoldt et al., 2010).  In most studies on partial spidroins having only MaSp repeats 
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with or without a MaSp-CTD attached, the silk proteins do not respond in any way to 
changes in pH (Huemmerich et al., 2004a; Hedhammar et al., 2008; Fahnestock et al., 
1997b).  The exceptions to this trend are constructs derived from Araneus ADF-3 and 
ADF-4 spidroins that, in fact, do respond to decreased pH (Rammensee et al., 2008; 
Slotta et al., 2008).  However, these proteins are both MaSp2-like (with a high proline 
content) whereas nearly all other studies of recombinant proteins have focused on 
MaSp1-type repeats. 
We propose that the conformational change in the MaSp-NTDs helps to ensure 
correct temporal activation of the spidroin assembly process by facilitating the interaction 
and alignment of the remainder of the MaSp proteins, particularly the repeat domains.  
Collectively, our data leads us to hypothesize that MaSp-NTDs function, at least in part, 
as pH sensors that undergo a conformation change in response to duct acidification; albeit 
one that does not significantly change the overall helical content nor protein solubility.  
Satisfyingly, the conditions of salt and pH that result in maximum pull-down efficiency 
mirror those at which the W fluorescence indicates full transition from the high pH 
conformation to the low pH conformation.  We interpret this to indicate that the 
conformational change contributes directly to the stability of the dimeric form of the 
MaSp-NTDs.  Because the dimeric form likely predominates at physiological salt 
concentrations (supported by SEC and Figure 4.2), regardless of pH, the change in 
conformation is likely associated with altered molecular contacts between monomer units 
that strengthen their interaction. 
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There is an interesting implication of the stabilization of MaSp-NTD dimers as a 
result of the drop in pH.  Because MaSp-CTDs have been shown to be stably dimerized 
and connected by one or more disulfide bonds (Hagn et al., 2010; Eisoldt et al., 2010), 
the pH-dependent stabilization of MaSp-NTD dimers might be predicted to lead to the 
development of very long multimeric strands of MaSp proteins in a head-to-head and tail-
to-tail arrangement (Figure 3.11).  Due to the high protein concentration in the duct, 
interactions between MaSp-NTDs of spidroins that are already joined at their respective 
C-terminal ends would be extremely rare.  In addition, prior to the drop in pH, the weaker 
association of MaSp-NTDs might facilitate resolution of tangles that would also be 
predicted to occur as a result of random association of individual NTDs.  Elongational 
flow forces acting upon this collection of multimeric strands could then cause the 
spidroins to become aligned with the direction of flow in preparation for β-sheet 
formation at the end of the duct (Knight et al., 2000; Lefevre et al., 2008).  This model 
describes the linear connectivity of spidroin proteins through associations at their 
terminal domains, not their overall spatial arrangement in the gland.  Yet, it is compatible 
with both the liquid crystalline and micelle hypotheses of silk assembly that describe that 
level of organization. 
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Figure 3.11  Model of proposed MaSp assembly into multimeric strands.  
MaSp proteins stored in the gland ampulle (left side of top panel and 
bottom left panel) exist as dimers stably adjoined through their MaSp-
CTDs (red triangles).  The MaSp-NTDs are in conformation I at this pH 
(blue circles) and associate transiently with NTDs of other spidroin 
dimers.  Through these interactions, MaSp oligomers of short lengths can 
be formed, and because of the transient nature of the NTD association, 
tangles of spidroins which impede flow can be resolved.  As these 
oligomers are drawn into the duct during spinning, they eventually 
experience a threshold pH (middle of top panel) at which MaSp-NTDs 
associate much more strongly in conformation II (blue squares).  Stable 
attachments between MaSp molecules at both termini causes the formation 
of long multimeric strands (bottom right panel).  To emphasize the 
terminal domain connectivity in this schematic, the length of the repeat 
domains (black lines) has been greatly reduced, the degree of 
entanglement or other supra-molecular organization among spidroin 
molecules has been simplified, and the amount of molecular alignment has 
been exaggerated.  *The pH of the middle and distal duct has not been 
experimentally determined but values at or near 5.5 are likely. 
 
While we do not yet have direct evidence of how the MaSp-NTD might affect 
fiber assembly, the pH-dependent behavior of native spidroins does support our model.  
When major ampullate dope from Nephila spiders is pH adjusted to 5.5, the spidroins 
form a gel (as would be expected for a mixture of long MaSp multimeric strands) but, 
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when brought back to pH 7.4, the solution assumes its original state (Vollrath et al., 
1998).  The pH range and reversibility of this process are consistent with our 
characterization of Nephila and Latrodectus MaSp-NTDs.  Had the pH drop directly led 
to β-sheet formation, it would not have been reversible.  
In a recent publication, Askarieh et al. (2010) demonstrated that Ea.MaSp1-NTD 
also undergoes a pH-dependent conformational change (Askarieh et al., 2010).  
Consistent with the model that MaSp-NTDs facilitate spidroin assembly through this pH 
response, they found that recombinant E. australis MaSp1 mini-spidroins containing an 
NTD, four repeats, and a CTD form macroscopic assemblies at a much higher rate in 
acidic conditions.  Silks lacking the Ea.MaSp1-NTD were pH insensitive and assembled 
more slowly at low pH.  However, in contrast to our own data where decreased pH 
stabilizes the MaSp-NTD dimer association, they found that Ea.MaSp1-NTD forms 
stable dimers at neutral pH that then aggregate into much larger assemblies when 
acidified.  The MaSp-NTD homologs studied here do not exhibit this aggregation 
behavior (as evidenced by SEC and DLS, Figures 3.5 and 3.7).  Whether the observed 
differences in dimerization dynamics and aggregation tendency are artifactual or 
reflective of the different species under study is as yet unclear.  However, if MaSp-NTD 
aggregation is biologically-relevant in E. australis silks, then its spidroin assembly 
dynamics may involve more complicated oligomeric structures than the MaSp multimeric 
strands we proposed for Nephila and Latrodectus silks.  Further study on mini-spidroins 
containing MaSp-NTDs are needed to validate these models. 
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Introduction: 
 In collaboration with the lab of Dr. Mirko Hennig at the Medical University of 
South Carolina (MUSC), nuclear magnetic resonance (NMR) experiments have been 
performed on Nc.MaSp1A-NTD.  The primary purpose is to determine the solution state 
structure of MaSp-NTD at both pH 7.0 and 5.5.  While the calculation of these structures 
are still in progress, the data collected in these experiments can be used to make 
inferences about the pH- and salt-dependent behavior of MaSp-NTD.  One key advantage 
of NMR is that the protein sample can be kept highly concentrated (1 mM protein, 
approximately the same concentration as MaSp protein stored in the silk gland) during 
analysis and therefore will be somewhat more reflective of native protein concentrations. 
 
Methods: 
The Nc.MaSp1A-NTD protein used in NMR was prepared identically as 
described in Chapter 3 except the culture media was M9 minimal media with 15NH4Cl in 
order to label the expressed protein with the 15N isotope.  The purified protein was 
exchanged into NMR buffer (20 mM NaH2PO4, 50 mM NaCl, 3 mM NaN3, 10% D2O, at 
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pH 7.0 or 5.5) with a protein concentration of 1.0 to 1.5 mM and total volume of 500 ul.  
NMR experiments were recorded on Bruker Avance III 600 MHz and Avance II 800 
spectrometers.  All NMR experiments were carried out at 298K. 
 
Results: 
 Comparison of 1H,15N heteronuclear single quantum coherence (HSQC) spectra 
of Nc.MaSp1A-NTD protein at pH 7.0 and 5.5 supports and expands upon our earlier 
observations of pH-dependent MaSp-NTD conformation change (Figure 4.1).  Each peak 
in this spectra represents a single N-H bond, which for most residues is present only in 
the peptide backbone.  The resonant energies (given in chemical shift values) at 1H and 
15N for each bond are influenced by the local electron densities.  Therefore, a change in 
peak position indicates a conformation change local to the N-H bond represented by that 
peak.  The dramatic difference between the pH 7.0 and 5.5 spectra means that a global 
change in Nc.MaSp1A-NTD conformation has occurred.  Moreover, the presence of well 
defined peaks in the pH 5.5 spectra shows that the protein remains structured and has not 
simply denatured under lower pH condition. 
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Figure 4.1 1H,15N heteronuclear single quantum coherence (HSQC) 
spectra at pH 7.0 (red) and 5.5 (blue).  Data were acquired at 800 MHz, 
298K, and in the presence of 50 mM NaCl. 
 
 Due to its unique chemical shift, the N-H on the Trp side-chain can be identified 
on the 1H,15N spectra.  The lowered peak intensity at pH 5.5 suggests solvent exposure 
(Figure 4.1, arrow).  In fact, an NMR pH titration has shown that solvent exposure 
happens at pH 6.4 when 50 mM NaCl is present which agrees with our Trp fluorescence 
findings.  The pH titration data also suggests that the conformation change is experienced 
gradually over the pH range of 7.0 to 5.5 for some residues, while at other residues it 
occurs more abruptly upon experiencing a threshold pH (as is the case for the Trp). 
 Brownian motion causes proteins to tumble (rotate randomly) in free solution, and 
larger proteins tumble more slowly.  Molecular tumbling times can be inferred from 15N 
T2 relaxation periods because these values are correlated.  The molecular tumbling time 
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estimates for Nc.MaSp1A-NTD at pH 7.0 with 50 mM NaCl are longer than would be 
expected for a monomeric protein of 15 kDa but very consistent with a dimer (Figure 
4.2).  When the NaCl concentration was increased to 500 mM, the tumbling times 
reduced but not to the point that would be expected for a monomer.  This can be 
interpreted to mean the Nc.MaSp1A-NTD molecules are in a state of dynamic flux of 
transiently dimerizing then dissociating. 
 
 
Figure 4.2 Molecular tumbling time (tauM) and molecular weight (MW) 
estimates for Nc.MaSp1A-NTD in the presence of 50 mM (light blue) or 
500 mM (dark blue) NaCl.  The black circles represent protein standards 
for which tumbling time and molecular weight are known.  Using a 
regression of these standards, the Nc.MaSp1A-NTD molecular tumbling 
time values were used to estimate molecular weight. 
 
Discussion: 
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 The NMR data is generally supportive of many of the observations discussed in 
Chapter 3.  Taken by itself, the pH-dependent change in Trp fluorescence of Chapter 3 
indicates that a conformation change has occurred, but the magnitude of this change in 
regions of the protein distal to the Trp is ambiguous.  The differences in 1H,15N spectra at 
pH 7.0 and 5.5 illustrate that most residues of Nc.MaSp1A-NTD are affected by the 
conformation change.  Because CD spectra shows no pH-dependent change in helicity, 
the conformation change probably occurs through a tertiary repositioning of its α-helices. 
 The molecular tumbling time estimates are supportive of our findings of salt-
dependent disruption of MaSp-NTD dimers.  It also adds to our knowledge of MaSp-
NTD self-association dynamics.  Even at pH 7.0 with 50 mM NaCl, Nc.MaSp1A-NTD 
spends the majority of its time in the dimeric state.  In light of this, the pull-down and 
SEC experiments in Chapter 3 do not indicate a substantial increase in dimization at low 
pH.  Rather, they indicate that the dimer interaction is strengthened and becomes less 
transient. 
The apparent incongruence that at pH 7.0 with 500 mM NaCl SEC shows 
Nc.MaSp1A-NTD to be almost entirely monomeric but NMR shows it to be an even 
mixture of monomer and dimer states can be readily explained by the large difference in 
protein concentration in the experiments.  The NMR data were recorded at a constant 1 
mM of protein, but in the SEC the protein entered the column at 0.2 mM and exited the 
column at about 0.008 mM.  At higher concentration, the MaSp-NTD spend less time 
finding a partner between transient dimerizations, thus spend more time in the dimer 
state.  Similarly, transient dimerizations cannot be detected by pull-down experiments 
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because the MaSp-NTD released by transient dissociations will be entirely lost in the 
wash steps.  This explains why no pull-down is observed at pH 7.0 even though transient 
dimerization is prevalent. 
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CHAPTER 5 - NMR ASSIGNMENTS OF THE N-
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Abstract: 
The building blocks of spider dragline silk are two fibrous proteins secreted from 
the major ampullate gland named spidroins 1 and 2 (MaSp1, MaSp2). These proteins 
consist of a large central domain composed of approximately 100 tandem copies of a 35 
to 40 amino acid repeat sequence. Non-repetitive N and C-terminal domains, of which 
the C-terminal domain has been implicated to transition from soluble and insoluble states 
during spinning, flank the repetitive core. The N-terminal domain until recently has been 
largely unknown due to difficulties in cloning and expression. Here, we report nearly 
complete assignment for all 1H, 13C, and 15N resonances in the 14 kDa N-terminal domain 




Orb-weaving spiders (Araneidae) such as Nephila clavipes can produce a variety 
of high performance structural fibers that originate from different abdominal glands 
(Lewis, 2006). These fibers have mechanical properties that are unparalleled in the 
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environment and comparable to the best synthetic fibers produced by modern technology. 
Due to the superior intrinsic properties of spider silk, there is considerable interest in the 
production of protein-based structural polymers through genetic engineering for a wide 
range of different commercial and biomedical applications. 
Spider dragline silk displays a unique combination of strength and extensibility. It 
is used not only to construct the outer frame and radii of the orb-shaped web but also as a 
hanging lifeline that allows the spider to evade and/or escape from predators. Molecular 
studies have revealed that the different fiber types consist of distinct structural proteins 
called spidroins. Analysis of the amino acid sequences of dragline silk identified its core 
constituents to be two fibrous proteins produced in the major ampullate gland that are 
called major ampullate spidroins 1 and 2 (MaSp1 and MaSp2) (Hinman et al., 1992; Xu 
et al., 1990). One characteristic feature of spider silk proteins is the presence of a large, 
highly repetitive central domain [~100 copies of an ~30 aa (MaSp1) or ~40 aa (MaSp2) 
repeat] within the interior of the silk protein. MaSp1 and MaSp2 contain short non-
repetitive N- and C-terminal domains (~150 aa and ~100 aa, respectively) that flank the 
long, repetitive core sequences. All three domains (N-, repeat and C-) are present in 
dragline fibers indicating that all contribute in one way or another to the impressive 
tensile characteristics of the final product. Increasing our understanding of the diverse 
molecular modules found in silk proteins, along with a particular attention to their role in 
fiber assembly, will provide a more efficient pathway for using recombinant versions of 
these proteins in the field of biomimetics. Here we report 1H, 13C, and 15N assignments as 
well as the positions of elements of regular secondary structure of the N-terminal domain 
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of the 14 kDa MaSp1 of the golden orb-web spider Nephila clavipes, which are 
prerequisites for the determination of its solution structure and to define MaSp1-NTD's 
mechanistic role in fiber formation. 
 
Methods and experiments: 
Based on our recently isolated sequences (Gaines et al., 2008b), we have 
successfully cloned and over-expressed the N-terminal domain of N. clavipes MaSp1 
(Nc.MaSp1-NTD) as a cleavable GST fusion in E. coli. The Nc.MaSp1-NTD protein was 
purified by glutathione-Sepharose affinity and the GST moiety cleaved by treatment with 
PreScission Protease® leaving ten non-native amino acids at the N-terminus. For uniform 
15N, and 15N, 13C-labeling, recombinant Nc.MaSp1-NTD protein was expressed in M9 
minimal medium supplemented with 15NH4Cl with and without 
13C-labeled glucose, 
respectively.  
The purified protein samples were concentrated and exchanged into the final 
NMR buffer containing 10 mM sodium phosphate, pH 7.0, 500 mM NaCl, and 3 mM 
NaN3 in 500 µl of 90% H2O/10% D2O. NMR samples containing 0.5 - 1 mM protein 
were centrifuged and the supernatant ran through a 0.2 µm filter to ensure no insoluble 
material was in the final sample. For measurements in 100% D2O, the protein was 
lyophilized and redissolved in D2O. 
 NMR experiments were recorded on Bruker Avance III 600 MHz and Avance II 
800 MHz spectrometers. The Avance 800 is equipped with a 5mm 1H[13C/ 15N] triple 
resonance probe featuring cryogenically cooled preamplifiers and r.f. coils on 1H and 13C 
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channels and z-axis gradient while the Avance 600 features a conventional 5mm 1H[13C/ 
15N] triple resonance probe. All NMR experiments were carried out at 298K. The NMR 
data were processed using nmrPipe (Delaglio et al., 1995), and analyzed with CcpNMR 
Analysis software (Vranken et al., 2005). 
Nearly complete sequential backbone assignments of the 135 aa Nc.MaSp1-NTD 
protein were achieved using through-bond 3D HNCACB, CBCA(CO)NH, HNCA, 
HN(CO)CA, and HNCO experiments. HBHA(CO)NH, Hali(CCO)NH and Cali(CO)NH in 
combination with HCCH-based experiments were used to unambiguously assign side 
chain spin systems (Sattler et al., 1999). A 3D 13C- and/or 15N-resolved NOESY 
approach confirmed and completed unambiguous 1H- and 13C-resonance assignments. 
Resonance assignments of the aromatic protons of the Nc.MaSp1-NTD protein were 
obtained using a combination of 2D H(CDCG)CB transferring 1Hδ coherence to 13Cβ in 
an out-and-back manner (Yamazaki et al., 1993) and homonuclear 2D NOESY 
experiments. Using these experiments, nearly complete assignments for the aromatic 
carbons and protons were achieved. 
 
Assignments and data deposition: 
High-quality NMR data has been obtained for Nc.MaSp1-NTD, as illustrated by 
the 2D 1H,15N HSQC  spectrum shown in Figure 5.1. Analysis of the backbone chemical 
shifts of MaSp1-NTD, using the program TALOS+ (Shen et al., 2009) and the chemical 
shift index (Wishart et al., 1994) identifies six helical regions (α1: residues 17-32, α2: 
residues 40-48, α3: residues 51-62, α4: residues 71-86, α5: residues 95-114, and α6: 
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residues 120-135) within the N-terminal domain as shown in Figure 5.2. Assignments 
were obtained for all 135 residues, including 100% of the exchangeable amide 1HN 
protons, 99% of all amide 15N nitrogens, 96% of side chain 1HC and 87% of all side chain 
13C carbons.  1H chemical shifts were externally referenced to DSS, with heteronuclear 
13C and 15N chemical shifts referenced indirectly according to the 1X/1H ratio in DSS. 
The chemical shifts have been deposited in the BioMagResBank 
(http://www.bmrb.wisc.edu) under the accession number 17148. 
 
 
Figure 5.1  Quality of the NMR spectra obtained for Nc.MaSp1-NTD. 
Panel A shows an 800 MHz 1H,15N HSQC spectrum recorded at 25°C. 
The assignments of the signals from backbone amide groups are indicated 
by residue type and number. 
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Figure 5.2  Summary of the NMR evidence used to derive the secondary 
structure of MaSp1-NTD.  Locations of the α-helices are marked by α1 
T17-A32, α2 A40-T48, α3 D51-R62, α4 L71-A86, α5 V95-T114 and α6 
Q120-S135.  Experimentally determined hydrogen bond donors are 
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CHAPTER 6 - CONCLUSIONS AND FUTURE 
DIRECTIONS 
 
In the present investigation, I have characterized the major ampullate spidroin N-
terminal domain (MaSp-NTD) on a genetic and biochemical level.  In my genetic 
analyses (Chapter 2), I determined the previously unknown sequences of the MaSp-NTDs 
from N. clavipes using degenerate primers based on the three homologous MaSp-NTD 
sequences known at the time.  In the process I discovered that N. clavipes has not one, but 
two MaSp1-NTDs suggesting the presence of at least two MaSp1 genes.  At that time, the 
duplication of MaSp genes in specific spider species was entirely unknown to the silk 
research community, but concurrent with the publication of my work (Gaines et al., 
2008a) two other publications identified similar MaSp1 duplications in E. australis and L. 
hesperus (Rising et al., 2007; Ayoub et al., 2008a).  I presented phylogenies of MaSp-
NTD and MaSp-CTD sequences deposited in GenBank illustrating possible MaSp gene 
duplications in two other spider species.  In addition, it has been found that allelic 
variants of MaSp genes that produce proteins with widely varying molecular masses are 
present in N. clavipes populations (Chinali et al., 2010).  Collectively, it is clear that the 
common statement, “dragline fibers are made of two proteins: MaSp1 and MaSp2,” is an 
oversimplification of MaSp diversity. 
I further characterized the two MaSp1 genes (named MaSp1A and MaSp1B) in 
several ways.  I demonstrated that MaSp1A and MaSp1B are not simply allelic variants 
of the same gene by showing that each of seven different spiders have both MaSp1A and 
MaSp1B present and by identifying allelic variants of MaSp1A in individual spiders that 
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also had MaSp1B.  Since N. clavipes is diploid, this precludes the possibility that 
MaSp1A and MaSp1B are allelic variants of the same genetic locus.  I identified two 
MaSp1-CTDs in N. clavipes through database searches, and using a novel experimental 
approach, I established the appropriate pairing of MaSp1-NTDs with their respective 
MaSp1-CTDs.  The results of this approach and other lines of data also imply that MaSp1 
in N. clavipes is present as two separate genes, rather than a single MaSp1 gene with two 
MaSp1-NTDs and two MaSp1-CTDs that undergo alternative splicing. 
By examining RNA extracted from a major ampullate gland, I demonstrated that 
MaSp1A, MaSp1B, and MaSp2 are expressed at the same time in a single adult female 
spider.  I also employed 5’ RACE to experimentally determine the transcription start site 
for MaSp1A, MaSp1B, and MaSp2.  My findings are in good agreement with 
computational predictions of the transcription start site but also seem to refute the 
possibility of MaSp-NTD short isoforms that had been previously proposed (Motriuk-
Smith et al., 2005). 
Since it is apparently common for spiders to have two or more MaSp1 genes, it is 
of interest to ask what, if any, benefit this may provide to the spider.  We have proposed 
two hypotheses.  First, MaSp1 is highly expressed in major ampullate gland epithelial 
cells, even more so than MaSp2 because MaSp1 constitutes the majority of MaSp protein 
in the dragline fiber.  Perhaps two MaSp1 genes permit a higher expression level when 
there is demand for MaSp1 protein.  Second, if there is a substantial difference in the 
repetitive domain sequences of MaSp1A and MaSp1B, they may exhibit different 
mechanical qualities when spun into a fiber.  Thus, by varying the ratio of MaSp1A and 
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MaSp1B expression a spider may be able to tailor the qualities of its dragline fiber to 
situation-specific needs. 
For my biochemical analyses of MaSp-NTD (Chapters 3 and 4), I have expressed 
three MaSp-NTDs in E. coli (Nc.MaSp1A-NTD, Nc.MaSp2-NTD, and Lm.MaSp1-
NTD).  By including two spidroin types (MaSp1 and MaSp2) and two spider species (N. 
clavipes and L. mactans) I have sought to describe the features common to most or all 
MaSp-NTDs.  Collectively, my results show that MaSp-NTD is highly pH responsive.  It 
undergoes a dramatic conformational change (as indicated by Trp fluorescence and by 
1H,15N NMR spectra) in response to the acidification that occurs in the duct.  The change 
in conformation is most likely a tertiary repositioning of its α-helices since CD spectra 
are unchanged by alterations in pH.  MaSp-NTD also has a greatly increased dimer 
stability when acidified as indicated by SEC and pull-down experiments.  At pH 7.0, 
NMR estimates of molecular tumbling times show that MaSp-NTD is primarily in a 
dimeric state, however my pull-down results show that these dimers are not stable and 
they dissociate in fewer than 6 minutes.  In contrast, at pH 5.5 it takes more than 2 hours 
for dimers to dissociate, indicating a stronger interaction between monomer subunits 
when pH is decreased. 
I have also shown that the amount and type of salt present influences the 
conformation and self-association of MaSp-NTD.  Higher levels of salt disrupts MaSp-
NTD dimers (shown by SEC, pull-downs, NMR tumbling times).  Salt also appears to 
stabilize conformation I (the conformation at neutral pH) or disrupt conformation II (the 
conformation when acidified) since a lower pH is required to induce transformation 
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change when salt is elevated.  Ca+2 and Mg+2 are more potent (per molar charge 
concentration or per ionic strength) in their effects on MaSp-NTD conformation and self-
association compared Na+ and K+.  In the duct of the major ampullate gland, there is not 
known to be a large change in ionic strength experienced by the spidroins nor is it known 
if Ca+2 and Mg+2 are present.  Therefore these salt-dependent effects may not have great 
physiological relevance.  Nevertheless, MaSp-NTD’s response to salt can be informative 
towards the biophysics of its tertiary folding and self-association. 
Of particular significance, we have proposed a new model of MaSp protein 
behavior during fiber spinning based on inter-molecular associations at both terminal 
domains (see Figure 3.11).  The CTDs of MaSp proteins associate as stable dimers and 
are cross-linked by at least one disulfide bond.  Thus, if the NTDs of MaSp proteins also 
dimerize, multimeric strands are predicted to form.  While loops with even numbers of 
MaSp proteins are also technically possible, the high concentration of MaSp protein in 
the gland and the considerable length of the MaSp-Rn domain leads me to believe that 
such loop structures would be rare.  In the ampulle and proximal duct, the weaker 
association between MaSp-NTDs might facilitate resolution of tangles that would also be 
predicted to occur as a result of random association of individual NTDs.  As pH is 
decreased, the greater MaSp-NTD dimer stability will cause MaSp multimeric strands to 
be longer on average and more resistant to breakage from shear and elongational forces. 
In future experiments, it will be of particular interest to test the hypothesis of 
MaSp multimeric strands and determine the impact of multimeric strand formation on 
fiber assembly dynamics.  To this end, mini-spidroins of MaSp-(NTD-Rn-CTD) and 
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MaSp-(Rn-CTD) can be directly compared.  It is predicted that MaSp-(NTD-Rn-CTD) 
would form multimeric strands in a pH- and salt-dependent manner.  The consequences 
of multimeric strand formation can be probed in terms of solution viscosity, protein 
solubility, and sensitivity to shear and phosphate triggers of fiber formation.  Fibers 
produced by MaSp-(NTD-Rn-CTD) and MaSp-(Rn-CTD) can similarly be compared in 
mechanical qualities, chemical stability, β-sheet content, and degree of molecular 
alignment. 
Our collaborators in the lab of Dr. Hennig are determining the structure of 
Nc.MaSp1A-NTD at both pH 7.0 and 5.5.  Once available, these structures will allow 
inferences to be made about the mechanism by which MaSp-NTD transduces a pH signal 
into a conformation change and about how the conformational state is related to dimer 
stability.  The mechanism of pH sensing may be of interest to the broader protein 
biochemistry community since it may occur through a novel series of biophysical 
interactions (not involving histidine) and since it leads to such a dramatic degree of 
tertiary structure change.  Candidate residues for pH sensing and/or dimer interaction can 
then be tested through targeted mutagenesis.  These mutations can be tested on MaSp-
NTDs by themselves or in the context of MaSp-(NTD-Rn-CTD). 
It is also worthwhile to better our understanding of MaSp phosphorylations and 
any other post-translational modifications.  The presence of phosphoryl groups on native 
silks may have importance in their assembly dynamics.  In particular, if  MaSp-NTD are 
natively phosphorylated, they may behave differently than the recombinant MaSp-NTDs 
studied here.  Similarly, it is valuable to know if any other interactions (other than NTD-
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NTD and CTD-CTD) among spidroin domains occur prior to β-sheet formation.  Any 
such inter-domain interactions could cause the putative MaSp multimeric strands to 
assemble into higher-order structures. 
A detailed understanding of the spidroin N- and C-terminal domain contributions 
to major ampullate fiber assembly should be informative towards the assembly processes 
of minor ampullate, flagelliform, aciniform, tubuliform, and pyriform silks as well.  This 
is of particular importance because these other spider silks all have interesting and 
desirable qualities, yet their fiber assembly dynamics have been studied in far less detail 
than major ampullate silks to date.  It is hoped that a comprehensive understanding of the 
assembly principals and domain contributions for all silk types will broaden our ability to 
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Figure A.1  W fluorescence of Nc.MaSp1A-NTD in the presence of 
phosphate.  Buffers containing 0 to 100 mM sodium phosphate adjusted to 
the correct pH, and readings were done as independently-prepared samples 
at fixed pH rather than titrations. The vertical axis is the total fluorescent 
emission intensity (as in Figure 3.3B-D). 
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Figure A.2  W fluorescence of Nc.MaSp1A-NTD and Nc.MaSp1A-NTD-
Mut.  Overlay of W fluorescence for Nc.MaSp1A-NTD, containing ten 
non-native amino acids (line, as a titration) and Nc.MaSp1A-NTD-Mut, 
containing four non-native amino acids (squares, performed as single 
points at various pH values).  Both samples contained 100 mM NaCl. 



























Figure A.3  Depletion of free Nc.MaSp1A-NTD protein from the 
supernatant fraction during pull-down experiment.  This trend is reciprocal 
to the amount of protein pulled down as shown in Fig. 3.9A.  The vertical 
axis is the proportion of free input protein that was remained unbound 
after incubation with immobilized protein.  The key indicates the type of 
resin-immobilized protein and the amount of NaCl present in the binding 
and wash buffers for each treatment. 
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Figure A.4  Pull-downs of free Nc.MaSp2-NTD protein onto resin with 
immobilized Nc.MaSp1A-NTD .  SDS-PAGE of eluted Nc.MaSp2-NTD 
protein shows the greatest degree of pull-down occurs with immobilized 
Nc.MaSp1A-NTD at pH 5.5.  The other three conditions exhibit non-
specific ionic binding of Nc.MaSp2-NTD due to the net positive charge of 
Affi-15 resin.  All other pull-down experiments used neutrally charged 
Affi-10 resin and do not have this shortcoming. 
